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The Blind men and the Elephant
It was six men of Indostan
To learning much inclined,
Who went to see the Elephant
(Though all of them were blind),
That each by observation
Might satisfy his mind.
The First approached the Elephant,
And happening to fall
Against his broad and sturdy side,
At once began to bawl:
"God bless me! but the Elephant
Is very like a wall!"
The Second, feeling of the tusk,
Cried, "Ho, what have we here,
So very round and smooth and sharp?
To me ’tis mighty clear
This wonder of an Elephant
Is very like a spear!"
The Third approached the animal,
And happening to take
The squirming trunk within his hands,
Thus boldly up and spake:
"I see," quoth he, "the Elephant
Is very like a snake!"
The Fourth reached out an eager hand,
And felt about the knee
"What most this wondrous beast is like
Is mighty plain," quoth he:
"’Tis clear enough the Elephant
Is very like a tree!"
The Fifth, who chanced to touch the ear,
Said: "E’en the blindest man
Can tell what this resembles most;
Deny the fact who can,
This marvel of an Elephant
Is very like a fan!"
The Sixth no sooner had begun
About the beast to grope,
Than seizing on the swinging tail
That fell within his scope,
"I see," quoth he, "the Elephant
Is very like a rope!"
The Fourth reached out an eager hand,
And felt about the knee
"What most this wondrous beast is like
Is mighty plain," quoth he:
"’Tis clear enough the Elephant
Is very like a tree!"
And so these men of Indostan
Disputed loud and long,
Each in his own opinion
Exceeding stiff and strong,
Though each was partly in the right,
And all were in the wrong!
So oft in theologic wars,
The disputants, I ween,
Rail on in utter ignorance
Of what each other mean,
And prate about an Elephant
Not one of them has seen!
John Godfrey Saxe
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Introduction
The enormous progress made in the development of synthetic methodologies in the
past two decades has made it possible to produce nanoparticulate materials of out-
standing quality. The size and shape of these nanoparticles can be controlled with
nearly atomic precision, just by variation of the synthetic conditions. This provides
us with the ability to gently turn the tuning knobs of some of the most fundamen-
tal physical properties, as they become size dependent below a certain threshold.
Examples are the decrease in the melting and evaporation temperature, increasing
reactivity and increasing magnetic susceptibility. Maybe the most prominent ex-
ample is the quantum confinement effect, which can be observed once the spatial
dimensions of a semiconductor material approach that of a bound electron-hole pair
that may be present within that material. In this regime, the size reduction in the
semiconductor crystal leads to an increase in its band gap and consequently to size
dependent optical and electronic properties. This makes these materials extremely
interesting for applications across a wide range of fields such as solar energy har-
vesting,1–4 light emitting diodes (LEDs),5–8 opto-electronics,9,10 photocatalysis,11,12
sensing13–15 and bio-imaging.15,16
Nearly all of these applications involve charge transfer processes between the nanopar-
ticles and an adjacent phase, which may be for example a metal contact or an elec-
trolyte. Thus, not only is the magnitude of the band gap of importance. As a logical
consequence of the increase in the band gap energy the absolute energy positions of
the valence band (VB) and conduction band (CB) shift. This in turn has a major
impact on the charge transfer rates to an adjacent phase, i.e. the charge separation
within a quantum dot sensitized solar cell (QDSSC) or the redox reactions hap-
pening at the surface of a nanoparticulate catalyst or electrochemical sensor. The
knowledge concerning the absolute energy positions of the electronic states in semi-
conductor nanoparticles is therefore of crucial importance for fundamental research
as well as for any technological applications.
In contrast to the band gap energy, which can be determined quite simply by optical
spectroscopy, the measurement of the absolute energy positions of the electronic lev-
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els of a quantum dot is far more challenging. However, in order to determine these
figures a variety of methods based on photoemission spectroscopy,17–21 electrochem-
istry and photoelectrochemistry22,23 have been developed.
Photoelectron spectroscopy, especially ultraviolet photoelectron spectroscopy (UPS)
can be used to measure the position of the valence band edge and the work func-
tion of a material under investigation. Additionally it can provide information about
the valence band structure and surface states.24 Additionally x-ray absorption spec-
troscopy (XAS) can be employed as a complementary technique to probe shifts in
the conduction band edge.20 Also the influence that different capping agents have on
the electronic structure of the nanoparticles has been examined.21,25
However, these techniques are usually carried out in ultra high vacuum. In addition
to the specific semiconductor material that the nanoparticles are composed of, the
chemical environment in which the nanoparticles are located has a major influence
on their electronic structure and consequently the positions of the band edges. Thus,
for instance the band positions at the surface are altered by the presence of a surface
charge which is determined through the adsorption and desorption of specific ions
in an electrolyte.23,26–28 This fact is expressed in the pH dependence of the band
positions of many ionic oxide semiconductors such as TiO2 29 and ZnO30 and the
dependence on the S2− concentration in the case of CdS.31 The influence of the sur-
rounding environment on the particles is particularly important from a technological
point of view, as in many applications the semiconductor material is in direct con-
tact with an electrolyte as for example in QDSSCs, catalysis and electrochemical
sensors. Therefore photoemission techniques are not suitable, if one wishes to probe
the materials under “working” conditions where such environmental influences have
to be considered. Moreover these techniques require major technical efforts (XAS is
usually performed at synchrotron radiation sources), elaborate sample preparation
and are consequently quite expensive to implement.
Originating from earlier research undertaken on bulk semiconductor-electrolyte inter-
faces, a range of (photo)electrochemical techniques have been developed to determine
the position of the valence and conduction bands.22,23 Depending on the physical ba-
sis of the respective methods, not all of them can be suitably applied to nanocrystals,
because of the fundamental differences in some physical properties of the bulk and
the corresponding nanoparticulate material. One such example is the Mott-Schottky
method, which is commonly used to determine the flatband potential and therefore
the majority carrier band edge position and which is based on the measurement of
the potential dependent capacitance of the space charge layer emerging at the solid-
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liquid interface of a bulk semiconductor. In nanoparticulate material the crystallite
size is just too small to support a space charge layer, which usually has dimensions
in the range of a few tens of nanometers up to microns and hence the Mott-Schottky
relation does not hold for nanoparticles.
In the past decade cyclic voltammetry (CV) has been increasingly employed to char-
acterize semiconductor nanocrystals as they are expected to undergo electron transfer
mediated through the valence band and the conduction band edges.32 However, due
to the poor dispersion properties of the nanoparticles in the polar solvents usually
employed in electrochemistry the molar concentrations achievable are typically very
low. Moreover the diffusion coefficients of the particles are much smaller compared
to molecular or ionic species. It follows that the CV responses obtained in such sys-
tems are usually very small. Therefore most CV investigations have been reported on
particulate films of quantum dots. Studies undertaken on such films are particularly
prone to suffer from the limitation that electrochemical reactions involving electron
transfer lead to degradation of the nanocrystals. Therefore it is to be expected, that
in the first half scan the nanocrystals are to a large extent consumed and that at-
tributing all following voltammetric responses to the original nanocrystals is, at the
very least, questionable.
Another promising approach that may be used to determine the absolute positions of
the band edges is to probe the changes in the optical properties of the nanocrystals
which develop during electron transfer via the energy bands by use of spectroelec-
trochemical techniques. These methods are based on the so called Burstein-Moss
effect, which describes the change in the absorption properties of a semiconductor
when it becomes degenerate, so that the doping densities are sufficiently high that
the Fermi level is shifted into the majority carrier band. As the near edge states
become populated by charge carriers, optical transitions into (or out of) these states
become less probable and therefore a bleach of these transitions can be observed.
This effect can also be induced electrochemically by the application of a suitable
potential to the material by means of a potentiostat. Although it has been shown
that this spectroelectrochemical approach can be used to study bulk semiconduc-
tors33 as well as nanoparticulate systems,34–37 this methodology has still received
very little attention. The focus of the present thesis lies therefore in the utilization of
the electrochemically induced Burstein-Moss effect in order to examine the electronic
structure of semiconductor nanoparticles on an absolute energy scale.
The first chapter deals with the preparation of nanoparticle coated electrodes which
are necessary to accomplish the spectroelectrochemical investigations stated above.
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A new strategy with the aim to optimize the deposition procedure in terms of sur-
face coverage and reaction time is suggested and compared with two other methods
commonly employed in literature. The obtained films are characterized in terms of
the achievable surface coverages and their optical properties.
The first part of chapter two provides insights into the theoretical background of the
Burstein-Moss effect for the bulk phase as well as for quantum confined systems. Fur-
ther a literature overview concerning the research to date within this topic is given.
Based on the effects observed for bulk semiconductors and by consideration of the
discrete electronic structure of quantum confined systems, a model is derived to de-
scribe the results obtained in the second, experimental part of this chapter. Therein
a brief description of the spectroelectrochemical methodology employed, namely po-
tential modulated absorption spectroscopy (EMAS), is provided. The technique is
then applied to characterize CdSe and CdS nanoparticles immobilized on transparent
conductive oxide (TCO) electrodes and the observations are discussed. The influ-
ence of the particle size, electronic coupling to proximate particles as well as the
electrolyte composition are investigated. Furthermore potential modulated absorp-
tion spectroscopy is applied to a sample of bulk CdSe and the obtained results are
compared to that of the confined systems. Additionally the technique is validated
using the well established Mott-Schottky method.
Currently, a controversial point under discussion is if cyclic voltammetry can be reli-
ably employed for the determination of the absolute positions of the energy levels of
quantum dots. Therefore in the last chapter some of the recently published CV ex-
periments were reproduced in the case of CdSe nanoparticles and the results obtained
are compared to those achieved using potential modulated absorption spectroscopy.
In addition some considerations as to the expected response in a cyclic voltammo-
gram of a nanoparticle film are undertaken, based on the insights achieved in chapter
two. The intention of this chapter is to find answers to the question: What are the
peaks in a cyclic voltammogram of a nanoparticulate system really telling us?
4
1 Preparation of transparent
nanoparticle-modified electrodes∗
Depending on the purposes intended, the incorporation of nanocrystalline materials
into devices demands procedures that provide a defined and controllable deposition
of the materials of interest onto a variety of different surfaces. Of course this ap-
plies just as well if one wishes to undertake spectroelectrochemical investigations on
nanocrystals. In order to obtain reliable results the quantum dot films deposited onto
the electrodes employed need to comply with the following requirements: The parti-
cles need to be electronically coupled to the electrode such that a fast unhampered
charge transfer is provided and the procedure must provide high surface coverages
in order to obtain adequate signal intensities. The particles must be homogeneously
distributed over the entire electrode surface, so that reproducible measurements can
be undertaken, independent of the particular site on the electrode that is chosen.
Further, the formation of agglomerates within the deposited film should be avoided
in order to prevent the introduction of artifacts due to scattering or hampered elec-
tron transfer.
Within this chapter different procedures that may be employed to generate nanopar-
ticulate films that fulfill the requirements stated above are presented. In the first
part a brief overview concerning the various methodologies that have already been
published is given. Following this, a new strategy with the aim to optimize the de-
position procedure in terms of surface coverage and reaction time is presented and
compared with two other methods commonly employed in the literature. The films
so obtained are characterized in terms of the surface coverages achievable as well as
their optical properties. The applicability of this new methodology is further verified
by depositing a layer of PbS nanoparticles onto a colloidal crystal composed of silica
spheres in order to modify its optical properties.
∗Parts of this chapter have already been published: Poppe, J.; Gabriel, S.; Liebscher, L.; Hickey,
S. G.; Eychmüller, A. J. Mater. Chem. C 2013, 1, 1515–1524 - Reproduced by permission of
The Royal Society of Chemistry
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1.1 Strategies for depositing semiconductor
nanocrystals onto surfaces
In order to attach nanoparticles onto surfaces, essentially two deposition strategies
have been developed. One strategy is to form the nanoparticles in-situ during the
deposition process via chemical bath deposition39–41 or electrodeposition.42–44 Both
procedures are simple and high particle densities are obtained readily but their dis-
advantages lie in the limited ability to control size, size distribution and the shape
of the deposited particles. Furthermore the electrochemical deposition approach is
restricted to highly conductive substrates with no voids.
Another strategy is to deposit nanoparticles, which have been synthesized separately.
Colloidal synthetic routes are shown to yield nanoparticles with extremely narrow size
distributions. Furthermore size and shape can be controlled by varying the synthetic
conditions and thus nanoparticles can be tailored for the desired application.45,46
Various approaches for the deposition of such pre-synthesized nanocrystals have been
described in the literature. For instance, the so-called layer-by-layer (LbL) technique
can be used to deposit charged nanocrystals electrostatically with the aid of op-
positely charged polymer electrolytes.47 The application of this method to deposit
semiconductor nanocrystals48–50 on flat substrates as well as on latex spheres has
been demonstrated.51,52
The use of small bifunctional organic molecules to facilitate the deposition of pre-
synthesized nanoparticles is to date the most established method described in the
literature. In an initial step 3-mercaptopropionic acid (MPA)1,53–55, thioacetic acid
(TAA)55, (3-mercaptopropyl)trimethoxysilane (MPTMS)56–59 or (3-aminopropyl)tri-
ethoxysilane (APTES)60–62 are linked to the substrate and the nanocrystals are sub-
sequently deposited via immersion of the modified substrates into a solution of the
nanocrystals. The covalent coupling can also be undertaken by the establishment of
a covalent bond between a molecule attached to the substrate’s surface and the lig-
ands stabilizing the nanocrystals. Shavel et al. have shown a carbodiimide mediated
amidation to link CdTe nanocrystals to aminated glass and silica substrates as well
as to borosilicate microspheres.63
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1.2 A new approach
The methods of depositing nanoparticles onto prefunctionalized substrates also have
several drawbacks. In many cases the prefunctionalization step requires several hours
and large amounts of the linking agent.61 Furthermore longer periods of time53 or
higher particle concentrations58 are often necessary if one is to obtain a saturated
coverage.
Instead of the time consuming prefunctionalization of the substrate, it should be at
least equally as effective to initially attach the linking agent to the particles and
substantially immerse the substrate into a solution of such “ activated ” nanocrystals.
The reason for this is the following: the linking molecules used for such purposes are
usually shorter than those employed to provide colloidal stability and consequently,
the reaction is kinetically hampered due to steric hindrance, as the short-chained
linking molecules are confined to the substrate’s surface as sketched in figure 1.1.
On the other hand, the rate of attachment to the particles’ surface is expected to
be significantly enhanced, if the reaction takes place in homogeneous solution. Such
ligand exchange reactions are widely used to transfer nanoparticles capped with non-
polar ligands into polar solvents. Hence the same short-chained mercapto acids as
for surface attachment are often employed as transfer agents.5,64,65 Although the car-
boxylate moiety is excellently suited to provide colloidal stability in water, it cannot
directly establish a covalent bond to an oxidic substrate, without employing a catalyst
and additional energy for activation. Alkoxysilanes such as MPTMS are particularly
suitable for this purpose as metal oxide surfaces generally contain hydroxyl groups
which readily attack and displace the alkoxy groups on the silane thus forming a
covalent −M−O−Si− bond. To introduce MPTMS as ligand, the already published
protocols for ligand transfer need a degree of modification, in order to prevent a
premature hydrolysis of the active methoxysilyl functionalities. For the same reason
the deposition step should follow directly following the ligand exchange.
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a) b)
Figure 1.1. Schematic of the different deposition strategies. a) conventional methodology
in which the substrate is prefunctionalized with bifunctional molecules and subsequently
treated with nanoparticle solution. b) new strategy: the bulky ligands stabilizing the
particles in nonpolar solvents are exchanged to MPTMS in a first step and the modified
particles are then exposed to the substrate.
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1.3 Experimental procedures
Glass, indium tin oxide (ITO) or fluorine-doped tin oxide (FTO) substrates were
cleaned by wiping with isopropanol and sonication in alkaline detergent (Extran®
MA 01, Merck, ten times diluted) for 15min, followed by sonication in deionized water
for an additional 5min to remove any adherent detergent. The clean substrates were
then dried carefully in a stream of nitrogen. Due to the basic pH of the detergent
solution a hydrophilic surface is obtained.
1.3.1 Particles functionalized with MPTMS
For a typical ligand exchange, 10µL MPTMS were added to 200µL of the PbS sol
(3.5µM with respect to PbS nanoparticles as determined from the absorption at
400 nm)66 in a micro test tube. The tube was shaken for a few seconds and the
particles then precipitated by the addition of 500 µL of n-hexane and separated by
centrifugation. Excess ligands were removed by washing with a second 500 µL volume
of n-hexane and finally the particles were redispersed in 8mL of dry dichloromethane.
Subsequently a clean substrate was placed into the resulting solution and shaken for
24 h. Excess particles were removed by rinsing with toluene.
CdSe and CdS-CdSe core-shell particles underwent the same procedure with the
exception of being precipitated and washed by the addition of 1mL dimethylsulfoxide
(DMSO) instead of n-hexane. Residual DMSO was removed by vacuum evaporation
at room temperature for a couple of minutes. The particles were then redispersed
in 8mL of dry dichloromethane and a clean substrate was placed into the resulting
solution and shaken for 24 h. Excess particles were removed by rinsing with toluene.
This method is compared with two other commonly employed deposition procedures
outlined in 1.3.2 and 1.3.3 below:
1.3.2 Substrates functionalized with MPTMS56
MPTMS was initially deposited onto the glass substrates before they were immersed
into the nanocrystal solution. To achieve this the clean substrates were immersed in
8mL of a solution of 10% MPTMS in dry methanol for 24 h. The substrates were
then rinsed thoroughly with methanol, placed into 8 mL of dry toluene and 200 µL
PbS sol (3.5µM with respect to PbS nanoparticles as determined from the absorption
at 400 nm)66 were added. The flask was shaken for 24 h and finally the substrates
were rinsed with toluene to remove excess nanoparticles.
9
1. Preparation of transparent nanoparticle-modified electrodes
1.3.3 Substrates functionalized with MPA53
MPA was first deposited onto the surface of the ITO substrates before immersion in
the PbS NC solution. Following the cleaning, the substrates were placed into 8mL
of a solution of 1M MPA and 0.1M sulfuric acid in acetonitrile and shaken for 24 h.
The PbS NCs were then deposited as described above.
1.4 The ligand exchange
Before depositing the nanocrystals onto oxidic surfaces their initial ligand shell is
exchanged for MPTMS. In order to monitor the ligand exchange, Fourier transform
infrared spectroscopy (FTIR) spectra of the nanocrystals were taken. Figure 1.2 a)
shows the spectra of PbS nanocrystals taken before and after ligand exchange with
MPTMS. The characteristic bands at 3005 cm−1 and the doublet at 1529 cm−1 and
1397 cm−1 corresponding to the =C−H and the −COO− stretching mode respec-
tively, strongly suggest that the surface of the PbS nanocrystals are primarily passi-
vated by oleate ligands. After ligand exchange these bands have disappeared. The
appearance of two strong bands, which arise at 1080 cm−1 and 796 cm−1, are asso-
ciated with the asymmetric and the symmetric Si−O−CH3 stretching vibrations of
the attached MPTMS molecules. Furthermore the intensity of the asymmetric −CH3
stretching mode at 2960 cm−1 are observed to increase compared to that of the −CH2
stretching mode due to the larger number of CH3 groups present in the mercapto
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Figure 1.2. FTIR spectra of nanocrystals before and after ligand exchange. a) PbS
nanocrystals initially capped with oleic acid and trioctylphosphine and b) CdSe initially
capped with oleic acid and trioctylphosphine.
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silane. However, the symmetric −CH3 stretching mode appears to be buried be-
low its −CH2 counterpart. The broad band around 3400 cm−1 which is assigned to
the O−H stretching vibration indicates that a portion of the methoxy functionalities
have already been hydrolyzed during their exposure to air.
The upper profile in figure 1.2 b) shows the FTIR spectrum of CdSe nanocrystals,
which were synthesized in the presence of oleic acid (OA) and trioctylphosphine
(TOP) as stabilizing agents. Although the characteristic doublet for the carboxylate
anion at 1556 cm−1 and 1411 cm−1 as well as the band for the =C−H at 3005 cm−1
are present in the spectrum, their intensity is significantly lower than for the PbS
nanocrystals, indicating a lower amount of oleic acid in the ligand shell i.e. bound to
the surface of the CdSe nanocrystals. Nevertheless the strong signals for the C−H
stretching and deformation modes at 2900 cm−1, 1466 cm−1 and 721 cm−1 observed in
the spectra reveal the presence of alkyl chains. Besides oleic acid the reaction mixture
contains TOP as coordinating solvent, though TOP does not exhibit a characteristic
band that can be utilized for an unambiguous identification. The broad band around
1110 cm−1 can be attributed to the P=O stretching mode, which suggests the pres-
ence of trioctylphosphine oxide (TOPO) on the surface of the nanocrystals. This is
in fact possible because the selenium precursor TOP:Se reacts to form TOPO during
the formation of CdSe nanocrystals as has been shown Liu and coworkers.67
The appearance of the methoxysilyl stretching bands at 1085 cm−1 and 805 cm−1 and
the disappearance of the carboxylate doublet indicates a successful coupling of the
MPTMS ligands to the CdSe. In contrast to the PbS nanocrystals, the intensity
ratio of the methyl bands (2951 and 2871 cm−1) and the methylene bands (2919 and
2850 cm−1) increase only slightly in the case of CdSe. Furthermore the methylene
rocking mode at 721 cm−1 which is maintained after the ligand exchange provides the
evidence for the presence of four or more consecutive CH2-groups.68 This provides
a good indication that the phosphine species stays at the particle surface, while the
oleic acid is exchanged.
Transmission electron microscope (TEM) images were recorded to ensure that the
colloidal stability of the particles is preserved after the ligand exchange to MPTMS.
The TEM images presented in figure 1.3, taken before a) and after b) ligand ex-
change, illustrate that the interparticle distance decreases when the oleate ligands
have been substituted by the smaller MPTMS molecules. Formation of aggregates
cannot be observed, indicating that the nanocrystals are stable in dichloromethane,
if moisture is avoided, which is an important requirement if one is to obtain homo-
geneous coatings. In contrast to the oleic acid capped nanoparticles the MPTMS
11
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20 nm
a) after ligand exchange
20 nm
a) before ligand exchange
Figure 1.3. TEM images of PbS nanoparticles stabilized with a) oleic acid and b)
MPTMS. The interparticle distance has significantly decreased after the ligand exchange.
stabilized nanocrystals cannot be redispersed in anhydrous toluene without the for-
mation of aggregates. This is to be expected and is attributed to the higher polarity
of the surrounding MPTMS shell, which requires a solvent of higher polarity in order
to assist in its complete dissolution.
1.5 The efficiency of the deposition
To compare the efficiency of the newly developed coating procedure, PbS nanocrys-
tals were deposited onto ITO substrates using this method and compared to two other
methods, as described in the literature, employing the same amount of nanoparticles
and the same deposition time. The coated ITO slides were then investigated both
electrochemically and by scanning electron microscope (SEM) imaging.
Figure 1.4 a) shows the SEM image of an ITO substrate which was immersed in a
solution of nanocrystals which had first been stabilized with MPTMS. A very dense
homogeneous 2-dimensional layer of PbS particles is obtained with larger agglomer-
ates occurring only very occasionally. By contrast, when the substrates were modified
with MPTMS initially and then immersed in the PbS solution, the particle density
is much lower but still homogeneous as seen in figure 1.4 b). The use of MPA as
the bifunctional molecule by which nanoparticles in QDSSCs may be attached is well
known.55 The carboxyl functionality of the mercapto acid is bound covalently to the
oxidic substrate via an acid catalyzed esterification and subsequently the quantum
12
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250 nm250 nm
a) MPTMS modified QDs
250 nm
b) MPTMS predeposited c) MPA predeposited
Figure 1.4. SEM images of PbS particles (d = 9.3 nm) attached to ITO substrates using
different deposition methods. a) Direct deposition of MPTMS modified nanocrystals. The
scratch on the lower right hand side shows the uncoated, underlying substrate for compar-
ison. b) MPTMS predeposited onto an ITO substrate c) MPA predeposited onto an ITO
substrate.
dots can be attached to the modified substrate due to their high affinity for the
thiol-functionalities pendant into the solution. The SEM image in figure 1.4 c) shows
the surface of an ITO substrate, which has been derivatised with PbS particles using
MPA as linker. Besides the homogeneously distributed but only occasional presence
of the nanocrystals, which attests to the low coverage achieved using this method,
primarily larger, irregularly shaped objects were deposited, which are most likely to
be aggregates of the PbS particles. All three coating procedures are very reproducible
even when different batches of nanoparticles were employed.
Cyclic voltammetric measurements were performed to estimate the amount of par-
ticles deposited onto the substrates. Typical cyclic voltammograms for such ITO
substrates treated using the different coating procedures in 0.1M NaCl are shown in
figure 1.5. As the potential was swept anodically an oxidation peak at around 0.3V
was observed. This peak is attributed to the anodic dissolution of PbS. At neutral
pH this process proceeds fundamentally according to the following reaction:
PbS −→ Pb2+ + S + 2e− (1.1)
The Pb2+ species formed strongly depends on the nature of the electrolyte and may
be Pb(OH)2 or PbCl2 in the case of a deaerated 0.1M NaCl solution.
69–71
As the scan direction was reversed no corresponding reduction peak was observed
indicating that the anodic dissolution is an irreversible process. If a second scan was
initiated it was clearly seen that this oxidation peak had vanished or, in the case of
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Figure 1.5. Cyclic voltammograms of the ITO substrates decorated with 9.3 nm PbS
nanocrystals obtained using the different coating procedures. The electrolyte employed was
0.1M NaCl and the scan rate was 10mV s−1. a) first scan, b) second scan.
MPA-functionalized substrates, was negligibly small, signifying that almost all of the
particles had been oxidized during the first scan. The amount of charge associated
with this reaction qox is proportional to the nanocrystal coverage and this can then
be calculated by dividing the integrated peak area by the scan rate. If a spherical
geometry is assumed and the particle diameter is known, which is the case in this
study, the number of nanocrystals, which have been oxidized, can be calculated from
the charge simply by applying Faraday’s law and consequently the fractional cover-
age, which is defined as the ratio of the number of oxidized nanocrystals times their
projected area with respect to the active electrode area, can be estimated. To deter-
mine a representative value for the complete electrode, the values were obtained for
five different positions on each electrode. The results are summarized in table 1.1.
With reference to the geometrical area of the electrodes we obtained a fractional
coverage of approximately 80% for the substrate treated with the MPTMS function-
alized particles and around 14% for the pre-modified substrates, which is in good
agreement with the observation from the SEM images.
The value of 80% surface coverage clearly exceeds the jamming limit of 54.7% for
a random sequential adsorption (RSA) process onto a planar surface.72 However one
has to consider that the fact that the ITO possesses a certain roughness on the size
scale of the deposited nanocrystals means that the real surface area is usually larger
than the geometrical one. The ratio of real surface area to the geometrical area, also
known as the roughness factor fr, was evaluated for a bare ITO surface by means
of electrochemical capacitance measurements and atomic force microscopy (AFM) a
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Table 1.1 Electrochemically determined charge of the PbS oxidation and calculated
fractional coverages for the three different deposition methods.
Method qox [µC] Fractional coverage [%]
a) PbS - MPTMS 290.0± 5.4 80.4± 1.5
b) ITO - MPTMS 51.2± 5.6 14.2± 1.6
c) ITO - MPA 52.4± 4.3 14.5± 1.2
value of 1.42 was found by measurement of the double layer capacitance of the elec-
trode/electrolyte interface in 1M KOH and a value of 1.20 was determined by AFM.
The smaller value obtained by AFM is caused by the finite radius of the scanning
tip (≈ 10 nm), leading to a lateral broadening of the surface image. In particular the
deeper pores and grooves between the ITO crystallites are not accessible to this kind
of measurement. However this also applies for the deposited nanoparticles which
are only somewhat smaller in diameter. Thus the roughness factor of 1.2 is more
meaningful for the present situation and the jamming limit would increase to a value
of 66%. Hence the obtained surface coverage of 80% cannot be explained only by
the fractal topography of the ITO surface but may also be due to partial multilayer
formation.
Despite the different morphologies of the deposited structures, the calculated frac-
tional coverage is nearly the same for both prefunctionalized electrodes. This is be-
cause the value returned by the calculation, cannot distinguish between aggregates,
which can clearly be seen in the SEM images of the ITO substrates prefuctional-
ized with MPA and MPTMS and the situation where homogeneously distributed
particles are present. Nevertheless the differences present in both samples can be
observed in the peak profile of the anodic wave in the cyclic voltammograms. In
contrast to the MPTMS-prefunctionalized sample, the peak maximum of the MPA-
prefunctionalized sample is shifted toward the scan direction at comparable current
densities, indicating that the reaction kinetics are more sluggish.73 In the case of the
MPTMS-prefunctionalized substrate the amount of single PbS nanocrystals, which
are directly attached to the surface of the electrode dominates over the amount of
nanocrystals deposited as larger aggregates and thus can react much faster as the
electrode potential is driven to more positive values. In the case of the MPA mod-
ified electrode the majority of the particles are deposited as larger aggregates and
therefore a greater amount of the nanocrystals is not directly bound to the surface,
which leads to a retarded reaction. This also explains the occurrence of an anodic
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response in the second cycle for the MPA modified electrode, which is evidence for
there still being some unreacted PbS on the surface after the first scan, which is not
the case for the electrodes modified using the other two methods.
The low nanocrystal coverage on the prefunctionalized ITO substrates is attributed
to the steric effects of the long-chained ligand shell, which hinders the particles from
attaching to the SH-functionalities on the substrate, especially in the case of the
MPA modified samples. A higher coverage was observed for particles stabilized with
short-chain ligands as was reported by Ballarin et. al. and Cheng et. al. for citrate
stabilized Au nanocrystals on an MPTMS modified ITO substrate.59,61 However the
formation of aggregates cannot be easily accounted for.
1.6 Influence on the optical properties
The influence that the ligand exchange has on the optical properties of various types
of nanoparticles and their subsequent attachment to glass was investigated by means
of absorption and photoluminescence spectroscopy.
The absorption spectra for PbS and CdSe nanoparticles are presented in Figure 1.6 a)
and b). In both cases the introduction of MPTMS as stabilizing ligand entails a slight
bathochromic shift of the first transition’s absorption maximum. The precise reason
for this observation in the present study is not yet clear. It is possible that the charge
carrier wave functions spread further out into the surrounding sulfur shell or it may
result from changes in the dielectric environment of the nanocrystals after the intro-
duction of MPTMS. After the deposition onto glass a hypsochromic shift is obtained
for both the CdSe and PbS nanocrystals which is caused by surface oxidation of the
particles due to exposure to ambient air.74,75
As may be seen from figure 1.6 c) the absorption spectrum is not remarkably changed
after the ligand exchange procedure has been applied to CdSe/CdS core shell parti-
cles, initially capped with oleic acid and oleylamine (OLAM). In solution the quantum
yield drops to 68% of its initial value after the ligand exchange and to 2%† after
the attachment to glass whereas the photoluminescence is completely quenched for
the bare CdSe nanocrystals. The application of the procedure to CdSe/CdS core
shell nanorods stabilized with alkyl phosphonic acids failed, most probably due to
†The relative quantum yields were calculated by normalizing the peak integral of the emission by
the absorption value of the sample at the excitation wavelength. It should be noted that for the
glass sample, a certain error is introduced, because of the requirement of tilting the slide for the
photoluminescence measurement.
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Figure 1.6. Comparison of the absorption spectra of a) PbS, b) CdSe, c) CdSe/CdS core
shell and d) Au nanocrystals stabilized (i) with their initial ligands, (ii) with MPTMS and
(iii) after attachment to a glass substrate. Please note that the spectra of the semicon-
ductor nanocrystals were normalized to the first transition whereas the spectra of the Au
nanocrystals were normalized to the extinction value at 400 nm.
the stronger binding of the phosponate functionality to the nanoparticle surface.
In contrast to the semiconductor nanocrystals discussed above, ligand exchange and
deposition onto glass leads to quite observable changes in the optical features of Au
nanocrystals as can be seen in figure 1.6 d).
After the introduction of the MPTMS ligands the maximum in the surface plasmon
resonance is slightly shifted to longer wavelengths and damped. This effect is even
more pronounced when the nanocrystals are attached to the glass substrate. The
peak maximum of the surface plasmon resonance is 20 nm red-shifted from the value
observed for the initial colloidal solution. This is attributed to the strong susceptibil-
ity of the optical features to the external dielectric properties of the nanocrystal en-
vironment, which is changed both during the ligand exchange and deposition step.76
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When the nanocrystals are in close proximity to each other, interparticle interac-
tions typically induce a bathochromic shift in the plasmon band as is the case when
the nanocrystals are assembled in a dense film or when condensation of some of the
MPTMS ligands bound to the surface of the Au nanocrystals leads to the formation
of small aggregates.77,78
1.7 Potential applications
One application of this more efficient deposition method is the tuning of the optical
properties of colloidal photonic crystals. These crystals are self organized structures
which provide a spatial periodic modulation of the dielectric constant or the re-
fractive index, respectively. The optical properties of these structures are primarily
determined by their lattice constant and the optical contrast, which is defined as the
difference in the refractive indices of the media from which the opal is composed.
The alteration of the optical properties can therefore be achieved by varying the
optical contrast. A large number of methods by which material may be infiltrated
into the voids of photonic structures are described in the literature amongst which
are included atomic layer deposition,79 chemical vapor deposition,80 thermal decom-
position81 and electroless plating.82 A significant advantage associated with the use
of presynthesized nanoparticular materials is that they can be introduced simply by
employing capillary forces.83,84 Furthermore the previously described LbL technique
has been used to deposit CdTe nanocrystals into opals made of polystyrene in order
to couple their emission to the optical modes of the host structure.85
Amongst the most important properties of a photonic crystal is the occurrence of
Bragg diffraction peaks, the occurrence of whose wavelength positions λmax can be
calculated using the Bragg-Snell equation:86
λmax =
2a
m
√
γ − sin θ (1.2)
where a is the distance between two lattice planes in the crystal. In this case this
corresponds to the distance between the (111)-planes of an fcc lattice which is equal
to
√
2/3 d where d is the diameter of the spheres. The diffraction order m = 1 and
the optical contrast γ is the ratio of the effective refractive index of the opal and
the refractive index of air neff/nair Because the samples were measured at normal
incidence, the incident angle θ is presumed to be zero. Then nair may be approximated
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to one and the equation above simplifies to:
λmax = 2
√
2
3
d neff (1.3)
for the (111)-Bragg diffraction peak. The effective refractive index of the opal is the
average of the refractive indices ni of the materials that the opal is composed of,
weighted by their volume fractions φi and which must sum to unity:
neff = φSiO2 nSiO2 + φair nair + φPbS nPbS
∑
i
φi = 1 (1.4)
In a closed packed structure, the silica spheres occupy 74% of the total volume. The
residual 26% (the voids) is filled with air in the uncoated opal. During the deposition
step a part of this space becomes occupied by PbS nanocrystals.
After coating with MPTMS modified PbS nanocrystals the opal appears significantly
darker to the eye, indicating that the deposition was successful. A detailed view of
the surface of the silica spheres in the uncoated and coated opals is presented in the
SEM images in figure 1.7. Whereas the surface of the uncoated spheres appears to be
relatively smooth, a degree of roughness is observed after the PbS particles have been
deposited in the opal structure. Also of note is that the monodisperse nature of the
250 nm
a) as prepared b) coated with
 PbS QDs
250 nm
100 nm
Figure 1.7. SEM images of silica colloidal crystal a) as prepared and b) coated with
MPTMS modified PbS nanocrystals. Image b) has a more speckled appearance due to the
presence of the PbS nanocrystals. The inset shows a magnified section of figure b).
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silica spheres has not been compromised allowing ease of assembly to be maintained.
Optical transmission measurements were undertaken to observe the effect of the
coating on the optical properties of the opal structure. Figure 1.8 shows the trans-
mission spectra of the coated and uncoated opal. In the case of the uncoated opal
the maximum of the Bragg reflection peak lies at 1308 nm. If one assumes a value
of nSiO2 =1.4587 for the refractive index of the spheres, this value corresponds to a
sphere diameter of 601 nm, which is in excellent agreement with the values of the
diameter as determined by dynamic light scattering (DLS) and TEM. The broad
diffraction band and the presence of satellite fringes implies that the opal structure
is thin, thus only a few lattice planes contribute to the Bragg reflex. As a result of
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Figure 1.8. Transmission spectra of the coated and uncoated opal at normal beam in-
cidence displaying a shift of the Bragg reflection peak to longer wavelength due to the
introduction of PbS nanocrystals in the opal structure.
the coating the maximum in the Bragg reflexion is red shifted to 1325 nm, which is
attributed to the increase in the effective refractive index of the structure. A part of
the volume fraction that would normally be occupied by air is now occupied by PbS,
which has a refractive index of around 4.388 for the bulk material in the wavelength
range under consideration here. Caution however should be exercised with respect
to the values of the refractive indices of quantum sized semiconductors as they are
presently less well studied and, for example, it has been shown that the refractive
index of quantum sized PbS particles is significantly lower than that of bulk PbS in
polymer/PbS nanocrystal composites and hence the actual refractive index is likely
to vary from the value employed here for the bulk.89
Besides the applicability on silica and ITO surfaces, other oxidic materials can also be
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Figure 1.9. SEM images of a) bare ZnO films as prepared, b) coated with MPTMS-
modified PbS quantum dots, c) as prepared TiO2 nanorod films and d) coated with MPTMS-
modified PbS quantum dots.
coated employing the presented methodology. A relevant application is therefore the
sensitization of wide band gap semiconductor oxides in QDSSCs with semiconductor
nanoparticles that absorb in the visible spectral range. Therefore the procedure was
exemplary applied to coat films of ZnO90 and TiO2 nanorods91 with PbS nanoparti-
cles, as shown in figure 1.9.
The obtained coverages are comparable to these previously obtained for the ITO
substrates, as can be especially seen on the large crystal faces of the ZnO in fig-
ure 1.9 b). The deposited films consist to a great extent only of a single monolayer
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of PbS particles, which is ideal for an efficiently sensitized photoelectrode. Although
the deposition of several multilayers would suggest a better sensitization of the cell
as more photons could be absorbed per unit area, the overall cell performance suf-
fers because a dense particle film restricts the diffusion of the redox species, which
promote the charge transfer at the counter electrode, to and away from the particles
which are buried deeper within the film.
1.8 Conclusions
Homogeneous films of various nanoparticulate materials (core semiconductor, core-
shell semiconductor and metal) on different oxidic substrates (glass, ITO, SiO2,
TiO2, ZnO) were obtained by exchanging the original stabilizing ligand shell of the
nanocrystals by MPTMS and subsequent immersion of the substrate into a solution
of the modified nanocrystals. SEM and electrochemical investigations have shown a
much higher coverage efficiency in comparison with other methods presently estab-
lished in the literature, which are based on the approach of prefunctionalizing the
substrates prior the coating. Fractional coverages of 80% were obtained within 24 h
while avoiding the time consuming and complicated step of functionalizing the sub-
strates before deposition. FTIR measurements have shown that the original ligand
shell has a significant influence on the colloidal stability of the particles after the
ligand exchange and therefore was used to assess the efficiency of exchange of the
modified nanocrystals. The procedure was applied to attach PbS, CdSe, CdSe/CdS
core-shell and Au nanoparticles onto glass substrates with only slight changes in
the absorption properties being observed for the semiconductor materials. For Au
nanoparticles a bathochromic shift of about 20 nm was observed after attachment of
the nanoparticles onto glass, which is due to the change in the dielectric environment
and the particles being in close proximity to one another. The deposition of PbS
nanocrystals into the voids of an artificial opal composed of silica spheres with the
intent to alter its optical properties was demonstrated. This methodology has thus
far proven itself to be of general applicability and therefore a versatile means by
which a wide range of nanoparticulate materials may be attached to a wide variety
of oxidic substrates.
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2 Potential modulated absorption
spectroscopy∗
The optical properties of semiconductor nanoparticles are found to be extremely sen-
sitive to the presence of excess charges. These charges can be generated by means of
photo-excitation, chemically, i.e. by the direct reaction with strong reduction agents,
or by means of electrochemical charge transfer via an electrode. The induced changes
in the optics can therefore be probed by means of spectroscopy and the results ob-
tained often provide detailed insights into the electronic structure of the investigated
system. In this regard, electrochemical methods provide a significant advantage since
the observed changes in the optics can be directly associated to a reference potential
and therefore measurements on the absolute energy scale can undertaken. However,
until now the utilization of spectroelectrochemical techniques to examine the influ-
ences of excess charges on the optical properties of semiconductor nanoparticles has
received little attention, especially with regard to their size dependence.
This chapter deals with the application of potential modulated absorbance spec-
troscopy to investigate the electronic structure of semiconductor nanoparticles. In
the first section, an insight into the theoretical background of the physical effects
occurring within this context is provided for the bulk phase as well as for quantum
confined systems. Furthermore a literature overview concerning much of the research
within this topic is given. Based on the effects observed for bulk semiconductors and
under consideration of the discrete electronic structure of quantum confined systems,
a model is derived to describe the results which have been subsequently obtained.
In the following section, a brief description of the experimental apparatus employed
for potential modulated absorption spectroscopy is provided. How the technique
can be applied to characterize CdSe and CdS nanoparticles immobilized on FTO
electrodes is presented and the observations discussed. The influence of the particle
size, electronic coupling to proximate particles as well as electrolyte composition are
∗Parts of this chapter have already been published: Poppe, J.; Hickey, S. G.; Eychmüller, A. J.
Phys. Chem. C 2014, 118, 17123–17141 - Reprinted with permission of the American Chemical
Society © 2014
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investigated. Furthermore the application of potential modulated absorption spec-
troscopy to a sample of bulk CdSe is demonstrated and the obtained results compared
to that of the confined systems. Additionally the technique is validated using the
well established Mott-Schottky method.
2.1 The Burstein-Moss effect
The Burstein-Moss effect is the observable widening of the optical band gap of a
semiconductor caused by increasing the dopant concentration within the semicon-
ducting material. The effect was initially described by Tanenbaum and Briggs93 for
InSb and later independently explained by Burstein94 and Moss95.
As a result of the very large increase in the doping density the semiconductor is driven
into degeneracy. This results in the Fermi level EF, which is usually located within
the band gap, being shifted into the majority carrier band. At moderate doping
densities the dopant atoms contribute a moderate number of charge carriers to the
respective bands and therefore the Fermi level is located somewhat below the conduc-
tion band edge for an n-type semiconductor and somewhat above the valence band
edge for a p-type semiconductor. As more dopants contribute charge carriers to the
bands the states in the proximity of the respective band edge become progressively
populated. As sketched in figure 2.1, this results in a widening of the optical band
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Figure 2.1. Schematic of the absorption edge shift in the energy-momentum diagram for
the case of degenerate n-type and p-type semiconductors with the relevant energy levels
marked.
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gap, as due to momentum conservation the fundamental absorption edge involves
vertical transitions from the highest filled state in the valence band to the lowest
unfilled level in the conduction band. The amount by which the optical band gap
increases, the so called Burstein-Moss shift, can be derived by using the parabolic
band approximation. For the electron and hole energies near the band edges and for
spherical surfaces of constant energy (no variation of the effective mass with crystal
directions) the following equations apply:96
Ec = Ec,0 +
~2k2
2m∗e
(2.1)
Ev = Ev,0 +
~2k2
2m∗h
(2.2)
where Ec and Ev are the energies of the conduction and the valence band, k the
crystal momentum, Ec,0 and Ev,0 the energies of the respective band edges, ~ the
reduced Planck constant and m∗e and m∗h the effective masses of the electron and
hole.
For a degenerate n-type semiconductor at T = 0K the lower levels of the conduction
band are completely filled until the Fermi level. Hence the lowest energy optical
transition cannot occur between the band minima, but is shifted to k = k′. The
expansion of the observed optical band gap is therefore divided between both bands
according to the effective masses of their charge carriers. For the case of an n-type
semiconductor the respective portion of the conduction band can be written as:
∆Ec =
∆Ec
∆Ec + ∆Ev
(E′g − Eg) = EF − Ec,0 (2.3)
where Eg is the band gap energy of the unperturbed semiconductor and E′g is the
band gap of the degenerate semiconductor. Additionally from equations 2.1 and 2.2
it follows that:
∆Ec =
~2k2
2m∗e
(2.4)
∆Ev =
~2k2
2m∗h
(2.5)
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The combination of equations 2.3 - 2.5 and subsequent canceling yields:
EF − Ec,0 =
1/m∗e
1/m∗e + 1/m
∗
h
(E′g − Eg) (2.6)
Rearrangement of equation 2.6 leads to an expression for the band gap of the degen-
erate n-type semiconductor at T = 0K:
E′g = Eg +
(
1 +
m∗e
m∗h
)
(EF − Ec,0) (2.7)
For T > 0K thermal fluctuations according to Fermi-Dirac statistics have to be con-
sidered. An almost complete population (≈ 99 %) is expected at energies 4kBT below
the Fermi level, where kB is the Boltzmann constant and T the absolute temperature.
Therefore the threshold energy for the shift of the fundamental absorption edge is:
E′g = Eg +
(
1 +
m∗e
m∗h
)
(EF − 4kBT − Ec,0) (2.8)
In addition to the occurrence of the Burstein-Moss shift, an increased dopant con-
centration can introduce other, partially contrary effects.
A random distribution of charged impurities results in potential perturbations within
the semiconductor. For example ionized donors exert attractive interactions on the
conduction band electrons and repulsive forces on the valence band holes. This leads
to the formation of “ tails of states” extending the bands into in the energy gap. As
the atom or the ion radii of the impurities usually differ from the host material, local
lattice deformations and dislocations additionally contribute to the band tailing. At
high doping concentrations Coulomb and spin interactions between free carriers have
also need to be considered. These so called many body effects typically lead to a net
attractive term and therefore also to a band gap narrowing.97–99
To elucidate which doping densities are necessary to drive a semiconductor into de-
generacy the relationship between the Fermi level and the concentration of majority
carriers within the respective band must be considered. For the case of an n-type
semiconductor the electron density nc can be calculated by integrating the prod-
uct of the density of states within the conduction band Dc(E) and the probability
distribution f(E):100
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nc =
∫ ∞
Ec,0
Dc(E) f(E) dE (2.9)
The density of states in an isotropic parabolic conduction band is calculated from:
Dc(E) =
1
2π2
(
2m∗e
~2
)2/3√
E− Ec,0 (2.10)
The probability distribution is given by the well known Fermi-Dirac function:
f(E) =
1
1 + exp [(E− EF) /kBT ]
(2.11)
The combination of the equations 2.9 - 2.11 then yields:
nc =
1
2π2
(
2m∗e
~2
)2/3 ∫ ∞
Ec,0
√
E− Ec,0
1 + exp [(E− EF) /kBT ]
dE (2.12)
By making the substitutions:
η =
EF − Ec,0
kBT
and µ =
E− Ec,0
kBT
(2.13)
equation 2.12 becomes:†
nc =
1
2π2
(
2m∗e
~2
)2/3
(kBT )
3/2
∫ ∞
0
√
µ
1 + exp (µ− η)
dµ (2.14)
To calculate nc for degenerate semiconductors the integral can be replaced by an-
alytical approximations101 or solved numerically (see script C.1). Figure 2.2 shows
the calculated electron density for InSb, CdSe and ZnO as a function of the Fermi
level with respect to the conduction band edge energy. As long as the Fermi level is
located at least 3kBT below the band edge, the electron population in the conduction
band can be simply described by the Maxwell-Boltzmann distribution and hence a
†The term (kBT )3/2 arises from the fact that during the substitution with µ the integration variable
is also substituted according to: dE = µ′(E) dµ = kBT dµ. Further, the substitution changes
the lower limit of integration to zero.
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Figure 2.2. Electron densities as a function of the dependence of the Fermi level position
for InSb, CdSe and ZnO calculated by numerical integration of equation 2.14. Tabulated
values for the effective electron masses were taken from the literature.102 As long as the
Fermi level is located more than 3kBT below the band edge the carrier concentration in
the conduction band is exponentially dependent on EF and can be approximated by the
Maxwell-Boltzmann distribution. Above this threshold the semiconductor is considered
to be degenerate. The threshold concentration thereby strongly depends on the effective
electron mass and is therefore reached already at doping densities of about 1015 cm−3 in
case of InSb.
linear curve progression is obtained for EF−Ec,0 < −3kBT . For higher Fermi lev-
els the Maxwell-Boltzmann approximation no longer holds and the semiconductor
is progressively driven into degeneracy. In addition to the Fermi level position with
respect to the band edge, the concentration of the electrons within the band largely
also depends on the conduction band effective mass. Thus, considering equation 2.8,
for InSb with a comparably low electron effective mass (m∗e = 0.012me)102 the ab-
sorption edge is expected to shift at doping densities as low as 2×1017 cm−3 whereas
for ZnO (m∗e = 0.29me)102 a shift is not expected to occur until doping densities of
3 × 1019 cm−3 have been obtained. This is also the reason why InSb was the first
semiconductor in which the Burstein-Moss effect has been observed, since low im-
purity concentrations significantly affect its absorption properties. Similarly to the
conduction band, the above equations can be applied to the valence band. However,
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since holes usually have much larger effective masses than electrons, the Burstein-
Moss effect is much less pronounced for p-type semiconductors in most instances.
Additionally the valence band might be composed of multiple subbands and there-
fore the density of states is higher at the top of the valence band in comparison to the
bottom of the conduction band.103 Thus a comparatively larger hole concentration
is necessary to induce the same degree of absolute shift of the Fermi level into the
valence band as into the conduction band.
2.1.1 The photo-exited Burstein-Moss effect
Besides chemical doping, the carrier concentration in a semiconductor can also be
influenced by external stimuli. Photo-excitation with high intensity light sources can
generate charge carrier concentrations far in excess of that found at thermal equi-
librium. Excitation at energies higher than the band gap creates an electron-hole
plasma which thermalizes within the sub-picosecond regime and leads to the popula-
tion of the near band edge states. Consequently the fundamental absorption edge is
bleached, but because of electron-hole recombination the absorption quickly recovers
as the excitation light source is turned off. This so called dynamic Burstein-Moss
effect can be monitored by time-resolved pump probe spectroscopy. Thereby the
bleach is induced by an intense laser pulse (pump pulse) and the absorption recov-
ery is measured by a second, weaker probe pulse of variable delay time and tunable
wavelength. The analysis of the decay curves so obtained can yield information on
the recombination pathways and their rate constants. Varying the pump pulse inten-
sity furthermore allows the excess carrier concentration to be influenced and hence,
different recombination channels to be addressed.
Klann et al. studied the dynamic Burstein-Moss effect in PbSe and PbTe epilay-
ers and found spontaneous emission as main recombination channel at excess carrier
concentrations below 1018 cm−3 and Auger recombination for higher concentrations
at room temperature. Below 160K stimulated emission represents the most efficient
recombination mechanism.104
Vodopaynoe et al. reported recovery times down to 35 ps for a layer of 90 nm InAs
epitaxially grown onto GaAs substrates. The comparatively high lattice mismatch
in this heterostructure produces a large misfit dislocation density and therefore sig-
nificantly enhances the surface recombination velocity. Additionally, due to the low
electron effective mass in InAs significant Burstein-Moss shifts are readily obtained at
low excess carrier concentrations. Heterostructures with these properties are interest-
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ing candidates as saturable absorbers in passive mode locking elements for picosecond
pulsed IR lasers.105–107
2.1.2 The bias-induced Burstein-Moss effect
Another possibility to cause non-equilibrium carrier concentrations is the application
of a bias voltage to the semiconductor. Possible band population effects are thereby
manifested in the space charge region, which is formed below the semiconductor sur-
face when it is brought into contact with an adjacent phase and when the semicon-
ductor portion of this junction is biased into accumulation. Such accumulation layers
can be formed at junctions such as semiconductor-electrolyte contacts,108,109 metal-
insulator-semiconductor (MIS) structures or at semiconductor heterojunctions.110,111
However, to observe the related Burstein-Moss effect, the interface must be optically
accessible. This is in general no problem for semiconductor-electrolyte junctions as
they are usually transparent in the UV-vis-NIR regime. For MIS structures and
semiconductor heterojuctions the phase adjacent to the investigated semiconductor
must be considerably thin so as to allow adequate amounts of light to pass through.
As these bias-induced Burstein-Moss effects usually lead to quite small changes in
the absorption properties of the material, electroreflectance spectroscopy (ERS) is the
method of choice for their investigation. ERS is a modulation technique by which
an ac voltage is applied across the semiconductor and the change in the reflectance
spectrum is measured using lock-in based techniques.
Due to the Franz-Keldysh effect the modulation of the electric field within the semi-
conductor leads to a change of the reflectivity in the proximity of the critical points
within the E − k diagram. At these points ∇kE(k) = 0 applies, thus they repre-
sent extrema or saddle points within the electron energy dispersion relation and are
therefore directly associated with the possible interband transitions of the investi-
gated system. As this effect only occurs at these critical points, electroreflectance
spectroscopy is ideally suited to study interband transitions above the fundamental
absorption edge, which are difficult to obtain at appropriate resolution and sensi-
tivity by conventional absorbance and reflectivity measurements. The line shape of
the signals is thereby characteristic for the different types of critical points and can
therefore contribute information pertaining to the band structure.112–115
During the modulation of the electric field within the semiconductor, band population
can occur. This manifests itself as a distinct shift of some of the electroreflectance
lines but also affects the characteristic line shapes. A theoretical approach to describe
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the observed features caused by band filling in electroreflectance spectra is given by
Bottka and coworkers.116,117
2.2 Bleaching effects in semiconductor nanoparticles
As for the bulk, bleaching effects can also be obtained for quantum-confined semicon-
ductor nanocrystals. However, due their particular electronic structure the observed
effects are expected to significantly differ from those observed for the bulk. The sub-
stantial differences in the optical and electronic properties between bulk and quantum
confined semiconductors are briefly described below.
2.2.1 The quantum size effect
A semiconductor crystallite is considered to be “quantum-confined” as its spatial di-
mensions approach those of a bound electron-hole pair, i.e. an exciton, present in
the respective bulk material. For bulk CdSe the lowest 1S exciton has a diameter of
11.2 nm.118 If the particle diameter reaches or falls below this value the wave func-
tions of the charge carriers may be assumed to be confined within the volume of that
crystallite.
According to the particle in a box model a decreasing particle diameter results
in a corresponding change of the boundary conditions necessary for solving the
Schrödinger equations of the respective charge carriers. Consequently, the allowed
energy eigenvalues of the corresponding solutions, i.e. the wave functions, are in-
creased. It follows that also the band gap energy increases. Assuming a spherical
shape the lowest exciton eigenvalue, i.e the optical band gap Eg,opt of the nanoparticle
can be approximated by:119,120
Eg,opt = Eg,bulk +
~π2
2r2
(
1
m∗e
+
1
m∗h
)
− 1.8e
4πε∞r ε0r
(2.15)
Herein Eg,bulk is the band gap of the respective bulk material, r the particle ra-
dius, e the elementary charge, ε∞r the high frequency dielectric constant of the semi-
conductor material and ε0 the permittivity of the vacuum. The second term in
equation 2.15 is referred to as the confinement energy and the third term accounts
for the attractive coulombic interaction between the electron and hole, i.e. the ex-
citon binding energy. As the particle diameter drops below the bulk exciton Bohr
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Figure 2.3. a) Schematic of the energetic structure for quantum dots and the respective
bulk semiconductor. With an increasing number of atoms the discrete energy states pro-
gressively merge into a continuous band. b) The corresponding absorption spectra revealing
red shifted first absorbance maxima and hence, decreased band gap energies.
diameter the crystallite now only contains a small number of atoms. Thus the density
of electronic states changes from being a continuous band, as found in bulk semicon-
ductors, to a discrete number for the quantum confined system, particularly near the
band edges as sketched in figure 2.3 a). Therefore the optical transitions between the
top valence band states and the bottom conduction band states can be determined
as sharp, pronounced absorbance maxima in the respective absorption spectra, as
depicted in figure 2.3 b).
With regard to the determination of the absolute energy positions of the respective
electronic states it should be re-emphasized that the photon-energies corresponding
to the maxima obtained in the absorbance, as they are assigned to excitonic transi-
tions, cannot be directly translated to the energy difference between the respective
valence band and conduction band state. To obtain the actual electronic band gap,
which for better discernibility in the following discussion is referred to as the elec-
trochemical band gap, the “ optical band gap” obtained from the spectrum has to be
corrected for the Coulomb interaction, as it cannot take effect if the respective band
states are each separately charged.119,121 The electrochemical band gap is therefore
calculated by:
Eg = Eg,opt +
1.8e
4πε∞r ε0r
(2.16)
For bulk semiconductors this correction is not necessary, as herein excitonic transi-
tions only play a subordinate role at room temperature.
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Due to the smaller number of atoms involved, the classical concept of doping is
not longer valid for nanoparticles. If one imagines an ensemble of spherically shaped
CdSe nanoparticles with an average diameter of 5 nm, then every particle consists of
approximately 2500 atoms. Even at what are considered to be high doping densities
of 1018 cm−3 only one in every 15 nanoparticles is calculated to contain a dopant
atom. As a consequence the Fermi level cannot be shifted gradually within a sin-
gle nanoparticle and the Burstein-Moss effect in its conventional sense cannot be
achieved by doping. All the bleaching effects observed in nanoparticles are therefore
induced by the introduction of excess charge carriers, most prominently by photo-
excitation.
Since the mid-nineteen eighties photo-induced dynamic Burstein-Moss effects have
been reported for a variety of colloidal semiconductors such as CdS,122–125 CdSe,126–130
ZnO131 and PbS132 to name just a few. In combination with theoretical consider-
ations and complementary techniques such as photoluminescence excitation (PLE)
spectroscopy, these studies have yielded essential contributions to the elucidation of
the electronic structure of semiconductor nanoparticles.133–135 All of the obtained
bleach spectra have in common that, due to the discrete electronic structure of the
nanoparticles, complete absorption bands are affected by the excitation pump pulse
independent of the illumination intensity. This is contrary to what occurs in bulk
semiconductors, where an increased illumination intensity leads to a gradual increase
in the blue shift of the fundamental absorption edge.
The photo-excited bleach observed in pump-probe experiments recovers at the latest
when the generated electron-hole pair recombines. Longer lasting Burstein-Moss ef-
fects are expected if the nanoparticles are charged with just one kind of charge carrier.
This can be achieved for example via electron injection by strong reduction agents.
Pulse radiolysis experiments, in which the “bleached state” of aqueous colloidal CdS
nanoparticles was maintained on the timescale of milliseconds were reported.136–138
This was achieved when a pulse of ionizing radiation generated equal amounts of
hydrated electrons and hydroxyl radicals. The hydroxyl radicals were quenched by
the addition of a suitable scavenger i.e. t-butanol, whereas the solvated electrons
were injected into the colloidal particles. However, it could not be verified whether
the observed optical effect were due to band filling or spectral shifts due to trapped
carriers.131
More recently the group of Guyot-Sionnest has shown reversible bleaching of the first
excitonic transition in CdSe, (CdSe)ZnS core-shell and ZnO nanocrystals by the ad-
dition of small amounts of sodium biphenyl. The bleached state could be maintained
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for several hours if the samples were kept under inert conditions. The presence of
the long-lived electron in the lowest conduction band state 1Se was confirmed by IR
and fluorescence spectroscopic investigations.139,140
The introduction of charge into materials can also be achieved electrochemically
which additionally offers the opportunity to measure the potential at which the in-
jection occurs with respect to a known reference potential, i.e. the standard hy-
drogen electrode or the calomel electrode. Liu and Bard were the first to observe
a reversible hypsochromic shift of the absorption onset of CdS nanoparticles immo-
bilized on transparent conductive electrodes at reductive potentials.33 Later, in the
course of the development of dye sensitized solar cells this effect was also shown for
electrodes coated with porous films of TiO2 35,141–143 and ZnO.144 In addition to the
hypsochromic shift a corresponding nearly reversible electrochemical response was
observed, allowing the measurement of the charge injected into the nanoparticlulate
film.
Wang and coworkers studied the electrochemical bleaching of the first transition of
freely diffusing CdSe nanocrystals through the use of a thin layer spectroelectrochem-
ical cell. Nanocrystals of different sizes were investigated and a size dependence of
the potential at which the bleach could be found was observed.145 Electrochemically
induced bleaching was later studied on compact films of CdSe34,146 and PbSe147,148
nanoparticles by Guyot-Sionnest and coworkers. The observed potential dependent
bleach of the fundamental absorption edge correlates with a strongly increased con-
ductivity of the films as the lowest conduction band states become populated by
electrons. The large optical density of the rather thick films also allowed a more
detailed spectroscopic investigation of the deposited CdSe nanoparticles.
Hickey and Riley introduced the method of potential modulated absorption spec-
troscopy to study the bleaching of sub-monolayers of CdS nanoparticles on ITO.
In this work potential modulation and lock-in detection were applied by which the
sensitivity with respect to the determination of changes in the absorption is greatly
enchanced.149 However, the polydispersivity of the materials investigated did not al-
low a detailed spectroscopic characterization of the quantum confined semiconductor
particles.
Araci et al. studied charge injection processes of sub-monolayers of CdSe by the
use of the attenuated total reflectance (ATR) technique. Frequency modulation was
applied to determine the rate of electron injection with respect to the dependence of
the linker employed to attach the nanoparticles but details on the spectral features
are not given at this point.150
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Up to now the utilization of the electrochemically induced Burstein-Moss effect in
order to examine the electronic structure of semiconductor nanoparticles and espe-
cially its size dependency has received very little attention. Until know there has been
just one study published, in which this issue is treated systematically and relates to
the case of porous films of ZnO nanoparticles with different crystal diameters.36 The
analysis of the published work to date in that field has revealed the following pitfalls:
• Most of the published results are based on static absorbance measurements or
on experiments were just a single wavelength is monitored. Due to the large
background signals these techniques are less suitable to probe transitions above
the fundamental absorption edge. This issue was overcome by utilization of a
modulation technique, by which sensitivity and resolution can be drastically
enhanced.
• The majority of the results obtained to date are based on experiments con-
ducted in non-aqueous electrolytes by which the applied potentials were refer-
enced to pseudo-reference electrodes. This does not allow an accurate determi-
nation of the absolute energy positions of the electronic states, deduced from
the observed changes in the absorption properties.
• The use of compact films of nanoparticles increases the signal intensity, since
the optical densities that one can obtain are higher. However, the achievable
resolution of the films may suffer from electronic coupling of the individual
particles.
2.3 A model for the bleaching observed in potential
modulated absorption spectroscopy
The Fermi level of a certain phase is per definition equal to the electrochemical po-
tential of the electrons within that phase.73,151 Upon contact, which is established
during the coating step, the initial Fermi levels of the electrode and the nanoparti-
cles are assumed to become equalized by charge transfer. The Fermi level of such a
system can be measured and also adjusted by application of a desired potential with
respect to a defined reference electrode by means of a potentiostat. In conclusion
this means that by controlling the potential of the electrode, the Fermi level of the
particle can be adjusted to a desired value.
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Figure 2.4. Schematic of the conduction band population in nanoparticles depending on
the position of the Fermi level with respect to the conduction band edge and its expected
influence on the absorption properties
In the proximity of the absorption edge the absorption profile of semiconductor
nanocrystals is determined by distinct exciton states which are each composed of
a discrete electron state in the conduction band and a discrete hole state in the va-
lence band. The application of a potential which is more negative than that of the
conduction band edge of the nanoparticles results in the population of the electronic
states, which is expected to happen stepwise as the distinct electron levels are ener-
getically separated from each other.
The lowest electron level in CdSe is the 1Se state152 and as it is populated, all
excitonic transitions promoting electrons into that state become bleached. Since
the occupation probability of the electrons in the electrode is distributed according
to Fermi-Dirac statistics the transitions into the 1Se state are not instantaneously
“switched off” as the Fermi level equals the state’s energy, but rather are gradually
bleached at finite temperatures as sketched in figure 2.4. The onset of the bleach
response is expected when the Fermi level of the electrode is located at approxi-
mately 4kBT (≈ 100meV at room temperature) below the 1Se state’s energy (the
occupancy of the 1Se is therefore 0.01). As the electrode Fermi level approaches the
1Se state the occupation probability should be per definition 0.5. Thus the prob-
ability that the lowest electron state of the CdSe nanocrystals deposited onto the
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electrode is populated amounts to 50% and therefore the absorption bands corre-
sponding to the respective exciton transition are expected to decrease to 50% of
the initial intensity. When the Fermi level is located 4kBT above the 1Se state the
absorption bands should completely vanish (occupation probability is 0.99 at the 1Se
level). The potential dependent bleach intensity should therefore follow a sigmoid
curve progression which corresponds to the Fermi-Dirac distribution. However, the
size dispersion of the deposited nanoparticle introduces an ensemble of 1Se states
which are distributed in energy. Consequently the obtained curve is expected to be
somewhat broader than the Fermi-Dirac distribution function. The particle’s sizes
can be described by a normal distribution. For a sufficiently narrow size distribu-
tion it follows that the energy dispersion of the 1Se state, i.e. the density of states
D1Se(E), can also be fairly approximated by a normal distribution:
D1Se(E) =
Nnc
σE
√
2π
exp
(
−E− E0
2σ2E
)
(2.17)
where Nnc is the number of affected nanocrystals, E0 is the mean for the energy
of the 1Se state and σE its standard deviation. As mentioned above the change in
absorbance ∆A at a particular Fermi level position should be proportional to the
fraction of nanocrystals Γ(EF), in which the 1Se state is populated:
∆A(EF) ∝ Γ(EF) (2.18)
In accordance with equation 2.9 this figure can be calculated by integrating the
product of the density of states and the probability distribution over all energies:
Γ(EF) =
1
Nnc
∫ ∞
−∞
D1Se(E) f(E)
=
1
σE
√
2π
∫ ∞
−∞
exp
(
−E− E0
2σ2E
)[
1 + exp
(
E− EF
kBT
)]−1
dE (2.19)
To obtain the relationship between the Fermi level, i.e. the applied potential, and
the fraction of populated nanocrystals equation 2.19 must be evaluated for every in-
crement dEF. The integration limits and the range in which is varied can be confined
to a few standard deviations around the mean energy of the 1Se state E0 because the
integral will not change remarkably between EF and EF + dEF outside this range
as the integrand approaches zero. The desired figure Γ(EF) can be calculated by
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numerical integration or, as this operation is equal to the convolution of f(E) and
D1Se(E), by numerical evaluation of the convolution integral:
Γ(EF) =
1
Nnc
(f(E) ∗D1Se(E)) =
1
Nnc
∫ ∞
−∞
f(EF)D1Se(E− EF) dE (2.20)
The second approach is more effective in terms of computing time, as in principle just
one operation is necessary. The convolution can be described in terms of a moving
weighted-average of f(E) where the weighting function is D1Se(E).
Values for σE, determining the width of the density of states function, can be es-
timated by fitting the first transition band observed in the absorption spectrum to a
Gaussian profile. Typical values for the CdSe nanocrystals investigated within this
thesis lie in the range of between 40 - 60meV. It has to be considered that these values
represent the energy distribution of the transition from the 1S3/2 to the 1Se state,
which each possess an energy distribution, and therefore σE should be somewhat
smaller than 40 - 60meV. However, as the electron effective mass is much smaller
than that of the hole the major proportion of the transition energy distribution is
allocated to the 1Se electron state.102
To elucidate the effect on the potential dependent occupancy the convolution integral
is solved numerically assuming a standard deviation of 40meV for the energy disper-
sion of the 1Se state. The result is shown in figure 2.5 and in addition the occupation
for a single energy state has been calculated for comparison. Due to the energy dis-
persion, both the onset and the outlet point are each shifted approximately 50meV
compared to the case of a single energy state. Due to the symmetrical nature of the
energy distribution of the 1Se state the broadening has no influence on the position
of the inflection point, i.e. where the Fermi level equals the state’s mean energy.
Based on these findings a model function to describe the potential dependent bleach
signal intensity can be derived:
∆A(E) =
∆A2 −∆A1
1 + exp[(E − E0)/ξ]
+ ∆A1 (2.21)
Herein ∆A(E) is the measured potential dependent change in absorbance, E is the
applied potential with respect to a reference electrode, E0 refers to the potential
where the change in absorbance equals 50% of the total change in absorbance and
indicates the inflection point of the curve, ξ is a measure of how far the sigmoidal
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Figure 2.5. Occupancy of the 1Se state as a function of the dependence of the position of
the Fermi level with respect to the energy level of the state calculated for a single state and
an ensemble of states that are distributed in energy with a standard deviation of 40meV.
profile is spread out, ∆A1 and ∆A2 are the asymptotically approached values for the
change in absorbance far from E0. The model function essentially corresponds to the
Fermi-Dirac distribution, but accounts for the changes in absorbance as measured
for the state’s occupancy and for the broadening due to its energy dispersion.
Fitting equation 2.21 to the simulated curves shown in figure 2.5 yields a broadening
parameter ξ of 38meV for the dispersed state, whereas a value of 25meV (which
is equal to kBT at room temperature) is obtained for the single energy state. The
most important parameter obtained from the model is E0 which corresponds to the
electrochemical potential of the 1Se state with respect to a well defined reference
electrode potential.
2.4 The instrumental setup
At this point just a brief explanation of the apparatus employed for potential modu-
lated absorption spectroscopy is given in order to comprehend the results discussed
in the next sections. For a more detailed description the reader is referred to ap-
pendix B.
The technique employs a voltage modulation which is applied to the nanoparticles
deposited onto an electrode in order to induce a modulated absorption response that
can be monitored by a photodiode and the corresponding phase sensitive modulated
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Figure 2.6. Schematic of the instrumental setup required for potential modulated ab-
sorption spectroscopy experiments.
photocurrent is recovered by a lock-in amplifier. A schematic of the apparatus is
shown in figure 2.6.
A nanoparticle modified FTO substrate is employed as the working electrode, which
is mounted transverse to the propagation of the probing light into an electrochemical
transmission cell. An Ag/AgCl electrode and a platinum sheet were used as reference
and counter electrode, respectively. The cell is connected to a potentiostat, which
applies a constant potential Edc of −0.7V to the working electrode with respect to
the reference electrode (unless stated otherwise). A square-wave modulation with a
frequency of 67Hz and the required peak-to-peak amplitude ∆Epp is superimposed
onto the dc potential by use of a signal generator. The modulation amplitude is
stepwise increased and for each step a spectrum is recorded. All potentials given
in the EMAS spectra and the plots of the potential dependent signal intensities are
referred to the sum of Edc and ∆Epp. To illustrate this more clearly a schematic of
the applied modulation profile is shown in figure 2.7.
Spectra are collected by dispersing the light of a Xenon arc lamp in a 0.25m spec-
trometer and subsequently focusing the monochromatic light onto the FTO working
electrode. The transmitted beam passes through the cell and subsequently impinges
onto a silicon photodiode, which is driven by a transimpedance preamplifier. The
output signal of the preamplifier is fed into the lock-in amplifier recording the mod-
ulation component Uac at the reference frequency (67Hz) provided by the signal
40
2. Potential modulated absorption spectroscopy
FTO
CB
VB
QD
Edc = -0.7 V
FTO
CB
VB
QD
-1.0 V
FTO
CB
VB
QD
-1.2 V
A
0
A
0
Edc = -0.7 V Edc = -0.7 V
Epp = 0.3 V
Epp = 0.5 V
Figure 2.7. Schematic of the potential modulation applied to the FTO working electrode
modified with CdSe nanoparticles in order to record a series of EMAS spectra. The electrode
is held at a dc potential at which a modulation is superimposed. The modulation amplitude
is stepwise increased and for each step a spectrum is recorded. The spectra are referred to
the sum of Edc and ∆Epp.
generator and the dc component Udc, respectively. In order to decide whether the
obtained modulation component is due to bleaching or induced absorbance the phase
shift of the ac component with respect to the exiting potential modulation is addi-
tionally determined. Later the change in absorbance is calculated from these figures
employing an Octave script (see appendix C.2).
2.5 Application to CdSe nanocrystals
2.5.1 Characterization of the CdSe nanocrystals
CdSe quantum dots with diameter between 2.4 and 5.9 nm were synthesized according
to a slightly modified approach reported by Ingole et al.153 A detailed procedure is
given in the appendices. The UV-vis absorption spectra normalized to the first
transition maximum and the corresponding photoluminescence (PL) are shown in
figure 2.8 a). The band gap energies calculated from the first transition in the
absorbance ranges from 2.47 eV for the smallest particle size to 1.98 eV for the largest
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Figure 2.8. a) UV-vis absorption spectra (black) and corresponding PL spectra (red)
of the CdSe nanocrystals. All curves have been normalized to the first transition in the
absorption and the maxima in the PL, respectively. b) Plot of the corresponding XRD
patterns of the CdSe particles and reference pattern of the hexagonal phase of bulk CdSe.154
For clarity only the particularly pronounced reflexes have been indexed.
particle size. The well resolved higher transitions observed in the absorption spectra
of all of the particle sizes as well as the narrow photoluminescence bands confirm the
narrow size distributions of the synthesized nanocrystals.
The x-ray diffraction (XRD) patterns shown in figure 2.8 b) reveal that all particle
sizes crystallize in the hexagonal wurtzite modification of CdSe. With decreasing
particle diameter a broadening of the individual reflexes is observed as is typical
for nanocrystalline materials. The intensities of the (102) and (103) reflections are
attenuated due to the presence of stacking faults along the [002] direction, a typical
phenomenon in wurtzite II - VI nanocrystals.155,156
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2.5.2 EMAS of CdSe monolayers
Sub-monolayers of CdSe nanocrystals have been prepared on FTO substrates accord-
ing to the methods presented in chapter 1. Figure 2.9 a) shows a set of potential
modulated absorption spectra of such an FTO electrode covered with 4.9 nm quantum
dots in the range between 350 and 800 nm. The corresponding absorption spectra
of the particle layer and the respective colloidal solution are shown in 2.9 b) for
comparison. While the potential applied (Edc + ∆Epp) is below −1.0V no significant
changes in spectra are obtained, but upon increasing the potential to more negative
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Figure 2.9. a) EMAS spectra of submonolayers of CdSe nanocrystals deposited on FTO,
plotted as a change in absorbance. Negative (positive) peaks represent bleaches (induced
absorptions). The FTO electrode is under potentiostatic control and held at Edc = −0.7V
vs. Ag/AgCl. Additionally a square-wave modulation is superimposed (f = 67Hz, ∆Epp is
consecutively increased from 0.1V up to 0.6V to yield the stated value in the legend).
b) The corresponding absorption spectra of the particle film on FTO (red), the colloidal
solution (black) and the second derivative of the solution spectrum. The absorbance scale
is only valid in the case of the spectrum of the film. The solution spectrum and its second
derivative have been offset and scaled for clarity. c) EMAS spectra of a blank FTO substrate
and d) the corresponding absorption spectrum.
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values drastic changes in the differential absorption of the sample can be observed.
The four significant bleach bands A -D observed in the EMAS spectra at 606 nm,
578 nm, 525 nm and 499 nm are in exact agreement with the first four optical tran-
sitions observed in the absorption spectrum. A fifth much weaker bleach signal E is
observed at 455 nm and is assumed to be correlated with another transition, which is
barely visible in the absorption spectrum, but more pronounced in its second deriva-
tive. Another bleach band is observed in the UV at 360 nm.
Moreover, features associated with induced absorption effects are observed in the
EMAS spectra. A proportionally intense induced absorption band (X) is obtained
at 552 nm between bleach bands B and C, which preliminarily cannot be assigned to
a transition in the absorption spectrum. Between the induced absorption X and the
signals B and C two isosbestic points are obtained, one at 534 nm and the other at
565 nm. Another broad induced absorption occurs at wavelength above 650 nm.
In order to identify artifacts caused by the electrode, the measurements were also
conducted on blank FTO substrates. The respective EMAS spectra and the absorp-
tion spectrum of the blanks are shown in figure 9 c) and d). The comparison with
figure 9 a) reveals that the bleach signal centered at 360 nm and the induced absorp-
tion band towards the far red observed in the EMAS spectra of the particle modified
electrode can be clearly attributed to the FTO as these features exactly resemble
features observed in the blank spectra. It is most likely that the bleach band at
360 nm is related to the absorption edge of FTO, which is reported to lie in the range
of 390 – 340 nm depending on the doping level.157 The induced absorption is caused
by excitation of free electrons in the conduction band of FTO, as their concentration
increases as the potential is set to progressively more negative values. The occur-
rence of intraband absorptions associated with the deposited nanoparticles is not
expected in that wavelength range as transitions promoting electrons from the 1Se
states to higher conduction band states usually occur above 2500 nm.139,145,158 The
low intensity undulating features between 400 and 600 nm observed in figure 2.9 c)
may be attributed to interference effects caused by the FTO thin film as its dielectric
properties are expected to slightly change upon potential modulation.
While the observed features are likely to be attributed to band filling, such kinds
of changes in the fundamental absorption of semiconductors can also be induced by
the presence of an electric field. An electrochemical interface generally features a
steep potential drop across the phase boundary. Depending on the electrolyte con-
centration, the potential drops across a distance of only a few Ångstroms on the
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solution side of the interface.73 Consequently the electrical field strength adjacent
to the electrode surface is considerably high and hence, influences on the optical
properties of the quantum dots caused by the field have to be taken into account.
Two effects could be envisaged to occur under these conditions, namely the Stark
effect, which is mainly characterized by a splitting of degenerate energy levels, and
the Franz-Keldysh effect which utters in an apparent broadening in the optical band
gap energy.
The Franz-Keldysh effect is a bulk semiconductor phenomenon, as it is based on
the concept of spatially continuous bands and therefore should not play a role in
the present case. By contrast, Stark effects are known to occur in semiconductor
nanocrystals.159–162 Depending on their relative orientation the interaction between
the external electric field and the dipole of the excited state can either decrease or
increase the energy of that state. Due to the size distribution of the particle ensemble
this leads to a broadening of the individual transitions and should therefore induce
a narrow absorption band located to the low energy side of the fundamental absorp-
tion.162 Evidence for the presence of such effects in the data is not observed and
therefore the modulation of the electric field across the electrochemical double layer
does not appear to influence the measurements. In order to entirely exclude artifacts
caused by this issue another set of EMAS spectra have been recorded, under the
application of a dc potential of 0V instead of −0.7V versus the Ag/AgCl reference.
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Figure 2.10. a) EMAS spectra of 4.9 nm CdSe nanocrystals with an applied dc potential
of 0V vs. the Ag/AgCl electrode. b) Bleach signal intensity at 606 nm with respect to
the sum of Edc and ∆Epp for samples held at Edc = 0V (black) and Edc= −0.7V vs.
Ag/AgCl (red) corresponding to the EMAS spectra shown in figure 2.9 a). The bleach
onset is independent of the applied dc potential and the modulation amplitude and thus, it
can be assigned to band population with greater certainty.
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If the changes in absorption are really induced by the population of the 1Se state,
the features observed in figure 2.9 a) should always occur at the same potential with
respect to the reference electrode, independent of the applied dc potential and the
applied ac amplitudes. The respective EMAS spectra and the potential dependent
evolution of the bleach signal intensity of transition A are shown in figure 2.10 a)
and b), respectively.
As can be seen in the spectra shown in figure 2.10 a) the bands which are attributed
to the nanocrystals obtained for a dc potential of 0V are identical with respect to
their shape and intensity as that obtained for −0.7V. By contrast the amplitudes of
the signals assigned to the FTO at 360 and 740 nm are significantly enhanced as the
applied square wave amplitudes observed here are twice as high as for a dc potential
of −0.7V. The onset potential of the bleach of transition A as well as the curve profile
for the potential dependent intensity are in excellent agreement with those obtained
for −0.7V as shown in figure 2.10 b). These findings confirm the hypothesis stated
above, and thus the features observed in the EMAS spectra can be assigned to band
filling with greater certainty.
According to the model, the onset potential of the bleach at −1V with respect to the
reference electrode refers to the situation where the Fermi level is located roughly
4kBT below the 1Se states of the largest particles within the size distribution, i.e.
the low energy edge of the density of states function stated in equation 2.17. As
the Fermi level is further shifted towards more negative potentials the probability
that electrons will be transferred across the interface and populate free 1Se states
increases. Additionally the smaller sized fraction within the particle ensemble is pro-
gressively affected. As a result optically excited electronic transitions into the 1Se
states from the valance band states become less probable leading to a bleach of the
respective absorption bands.
According to the literature, the two transitions A and B can be assigned to the
1S3/2 - 1Se and 2S3/2 - 1Se, respectively. With regard to the bands C and D, there are
different opinions as to whether these are best assigned to the 1S1/2 - 1Se (C) and the
2S1/2 - 1Se (D)127,133 or the 1P3/2 - 1Pe (C) and 1S1/2 - 1Se (D) transition.118,134 The
analysis of the potential dependence of the respective bleach signatures may shed
some further light on this issue. Figure 2.11 shows the potential dependent change
in absorbance for the transitions A -D and induced absorption X at the wavelengths
of the respective maximal intensities. As expected the measured data follow a sig-
moid curve progression for each band, whereby the change in absorbance sets in
at −1.05V and reach a plateaus above −1.3V. The obtained data were fitted ac-
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Figure 2.11. Plot of the bleach signal intensity of the transitions A -D and the induced
absorption band X with respect to the applied potential. The dashed lines represent fits
according to the model presented in section 2.3.
cording to equation 2.21 presented in section 2.3. The optimized fitting parameters
are summarized in table 2.1. For the sigmoid inflection point E0 almost equal values
were determined for all signals. Furthermore the obtained ξ parameters, defining
the widths of the sigmoid curves, are in agreement with the theoretically predicted
value for a Gaussian-like density of states function, which is distributed by 40meV.
These findings therefore imply that the bleached transitions are due to the atten-
uated promotion of electrons from different states in the valence band to the same
final state in the conduction band which is located at −1.164V vs. the Ag/AgCl.
As the fundamental transition (transition A) is bleached, the electronic state which
Table 2.1 Optimized parameter sets obtained by fitting the potential dependent intensities
of the bands A -D and X determined by EMAS of 4.9 nm CdSe particles according to
equation 2.21. The bands were assigned to the respective exciton states according to Norris
et al.127
Band Assigned
transition
E0 vs. Ag/AgCl
[V]
ξ
[mV]
∆A1 × 10−4 ∆A1 × 10−4
A 1S3/2 − 1Se −1.166 42 −10.82 −0.17
B 2S3/2 − 1Se −1.165 45 −5.37 −0.16
C 1S1/2 − 1Se −1.164 38 −1.08 0.06
D 2S1/2 − 1Se −1.163 44 −2.19 −0.02
X −1.162 42 3.69 -0.06
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is populated during the experiment can be explicitly assigned to the lowest con-
duction band state, which is the 1Se state. The steady bleach signal intensity of
the transition amounts to −1.08 × 10−3 at potentials more negative than −1.3V
which is in good agreement with the value observed for the absorption spectrum of
the nanocrystal film (−1.27 × 10−3 at 606 nm). Consequently the first transition
becomes completely bleached in that potential range. As the populated state can
now be identified with a high degree of certainty the bleached transitions can be
more clearly assigned to the following exciton states: 1S3/2 - 1Se (A), 2S3/2 - 1Se (B),
1S1/2 - 1Se (C), 2S1/2 - 1Se (D), which is in agreement with theoretical calculations
and pump-probe spectroscopy experiments.127
In figure 2.11 the evolution of the induced absorption signal X is also shown. It turns
out that the inflection point of the establishing band is identical to those obtained for
the bleached transitions. Consequently the induced absorbance is directly connected
to the population of the 1Se state. Hence, it can be assumed that band X at 550 nm
corresponds to the absorption of the CdSe particles in their exited states and may
result from Coulomb interactions of the injected charge with the optically excited
electron-hole pair leading to changes in the selection rules and an increase in the
transition probability of initially forbidden transitions.127,163
The existence of the isosbestic points at 534 and 565 nm in the EMAS spectra fur-
thermore indicates that only two species are involved during the observed bleaching
process. The two species, which are the initially uncharged nanocrystals and the
nanocrystals with an occupied 1Se state, differ in their individual absorption spectra.
The isosbestic points occur because the two species absorb light at these two specific
wavelengths to the same extent, and the amount of particles attached to the elec-
trode remains constant during the experiment.164 Consequently in the modulation
spectrum the change in absorbance is zero at these wavelengths, independent of the
applied electrode potential. The ratio at which both species are present is thereby
dictated by the Fermi-Dirac distribution. Interestingly the 1Se state’s energy dis-
tribution appears to be narrow enough that the isosbestic points do not result in a
smearing out of the crossover point. The occurrence of the isosbestic points illus-
trates the presence of distinct, energetically separated electronic states as are typical
observed for quantum-confined electronic structures. As will be shown later in sec-
tion 2.7.2, this effect is not observed for bulk cadmium selenide.
Since the electrochemical potential of the 1Se state has been determined, the po-
tential positions of the electronic states within the upper portion of the valence band
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can now be derived from the respective transition energies obtained from the EMAS
spectra. However, a simple addition of the optical energies associated with the po-
tential of the 1Se states is not valid, as the corresponding bands are not associated
with interband transitions, but rather with excitonic transitions. Therefore the exci-
ton binding energy, i.e the Coulomb interaction between the electron and hole has to
be considered according to equation 2.16. Hence, for the potential of the individual
valence band state ESh versus the reference the following applies:
ESh = E0 −
∆Eopt (Sh − 1Se)
e
+
1.8e
4πε∞r ε0r
(2.22)
Here, E0 is the electrochemical potential of the 1Se state as determined by EMAS and
∆Eopt (Sh − 1Se) is the energy of the transition between the respective valence band
state and the 1Se state. The resulting electronic structure is sketched in figure 2.12.
Except the very small signal at 455 nm no additional bleach signals were observed in
the wavelength range below 500 nm. Thus transitions to higher electron states are
not bleached under the experimental conditions employed here. The trivial reason
for this finding could be that the Fermi level of the electrode is still too positive to
populate these states. According to theory the next highest electronic state in the
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Figure 2.12. Schematic of the transitions bleached via the population of conduction
band 1Se state and the calculated potential positions of the individual electronic states
within the bands versus the Ag/AgCl reference electrode. The valence band states have
been calculated on the basis of the potential determined for the 1Se state according to
equation 2.22. The potential of the 1Pe state is estimated on the basis of results published
by Guyot-Sionnest and coworkers.34
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conduction band of CdSe nanocrystals is the 1Pe state. IR spectroscopic investiga-
tions of chemically charged CdSe nanocrystals of comparable size reveal an induced
absorption band in the mid infrared at roughly 3000 cm−1 referred to as a 1Se - 1Pe
intraband transition.34 Consequently the 1Pe state is estimated to be located around
0.4 eV more negative than the 1Se state. The onset of the bleaching of the respective
optical transitions into the 1Pe state should therefore not occur at applied potentials
below −1.4V vs. the Ag/AgCl reference electrode, assuming an energy dispersion of
40meV for that state. However, due to the emerging hydrogen evolution the appli-
cation of potentials more negative than −1.4V is accompanied with the appearance
of additional artifacts associated with solvent decomposition.
2.5.3 EMAS of CdSe multilayers
As previously shown the deposition of a monolayer of smaller nanocrystals is much
less effective than for larger nanocrystals. The obtained surface coverages are too
small to achieve reasonable signal intensities in the EMAS spectra. To overcome this
problem thicker films of nanoparticles have been deposited using a LbL approach as
presented by Joseph and coworkers.165,166 Briefly, the FTO substrates covered with a
single layer of nanocrystals were alternatively dipped into a solution of hexanedithiol
(HDT) and then a solution of the respective CdSe nanocrystals. This procedure was
repeated another three times to obtain five layers of deposited particles in total. In
the following section the influence of such a multilayer system on the EMAS response
is discussed.
Figure 2.13 a) shows the EMAS spectra obtained for five layers of 4.9 nm CdSe
nanoparticles deposited onto an FTO electrode. As for the monolayer system the
first four transitions are bleached and an induced absorbance is observed at 550 nm.
All signals are significantly strong to be discerned from the FTO background sig-
nal. Furthermore the obtained signal intensities correlate well with the amount of
deposited particle layers and hence the complete particle film is electronically ad-
dressable. However, the signals obtained appear to be significantly broadened and
the individual bands are less resolved than for the monolayer particle film. Moreover,
the transition A is slightly shifted from the initial 606 nm value observed for the par-
ent colloidal solution to 609 nm observed for the multilayer film. This bathochromic
shift, corresponding to 10meV on the energy scale, is not observed in the EMAS spec-
tra of the monolayer films. Both effects, bathochromic shift and line broadening can
be attributed to electronic coupling of the individual nanocrystals as they approach
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Figure 2.13. a) EMAS spectra of five layers of 4.9 nm CdSe nanocrystals deposited on
FTO and b) the potential dependent signal intensity of the transitions A -D, the induced
absorption band X and the corresponding fits according to equation 2.21.
each other, an effect which has been widely described for densely packed particulate
films.167,168 The observed line broadening is also reflected in the significantly larger
values obtained for the ξ parameter obtained from the fits (see table 2.2).
Despite the line broadening the obtained values for E0 are also significantly shifted
towards more positive potentials. The average shift amounts to 50mV and cannot
be explained by the fact that the absorption line is bathochromically shifted alone.
A possible explanation could be that the ligand shell, which to a certain extent is
exchanged to HDT during the multilayer deposition procedure, influences the elec-
tronic structure of the nanoparticles. It has been reported that ligand exchange is
likely to affect surface relaxation and reconstruction processes, since it modifies the
surface free energies.169–173
Surface relaxation involves a shortening of the bonds between the surface atoms and
those immediately underneath, while reconstruction is referred to as more extensive
reorganization of the crystal lattice, including changes of bond lengths and coor-
dination geometries. Such effects therefore have a major impact on the electronic
structure of the nanoparticles and usually manifest themselves more obviously as
changes in the photoluminescence quantum yield and lifetimes.174,175 However, it is
also quite conceivable that these processes can trigger slight shifts of the individ-
ual electronic states. Moreover, at a potential of −1.4V the EMAS signal intensity
slightly drops as can be seen in figure 2.13 b) and thus a change of the nanoparti-
cle film is assumed to occur beyond this threshold value. The absence of bleached
features at shorter wavelengths confirms that the nanocrystals were not cathodically
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Table 2.2 Parameter sets obtained by fitting the potential dependent signal intensities of
the bands A -D and X determined by EMAS of five layers of 4.9 nm CdSe particles according
to equation 2.21.
Band Assigned
transition
E0 vs. Ag/AgCl
[V]
ξ
[mV]
∆A1 × 10−4 ∆A1 × 10−4
A 1S3/2 − 1Se −1.113 61 −51.4 0.51
B 2S3/2 − 1Se −1.112 62 −29.8 0.18
C 1S1/2 − 1Se −1.121 62 −6.1 −0.04
D 2S1/2 − 1Se −1.113 63 −13.0 0.10
X −1.093 58 13.8 −0.35
degraded, otherwise a bleach across the entire absorption range of the particles would
be expected. Further, it is assumed that a cathodic degradation would lead to a shift
of the bleach signals towards shorter wavelengths as the particle size decreases or
would be revealed by the smearing out of the well resolved features in the spectrum.
Nevertheless, the signal intensity at −1.4V does slightly decrease. As the electrolyte
decomposition sets in, the evolution of molecular hydrogen at the electrode surface
may be responsible for the detachment of the nanocrystals.
2.5.4 Size dependence
As was evaluated in the foregoing sections, the change in absorption reacts very sen-
sitively to changes in potential, especially for the first transition. Therefore potential
modulated absorption spectroscopy is a powerful tool to accurately determine the
absolute energy position of the 1Se state, i.e. the dependence of the conduction band
edge position with respect to the particle diameter. For these investigations mul-
tilayers of CdSe nanoparticles in the size range between 2.4 and 5.9 nm have been
prepared and attached to FTO electrodes.
The corresponding EMAS spectra, as well as the potential dependent magnitudes of
the bleach signal of the lowest energy optical transition (transition A) of these sam-
ples are shown in figure 2.14. The EMAS spectra of all samples show a bleach of the
respective first four optical transitions and the appearance of the induced absorption
band between transition B and C with the exception of the spectrum of smallest sized
sample which is essentially due to its weak signal-to-noise ratio. For the particle sizes
3.8, 3.4 and 2.9 nm additionally a second induced absorption feature is observed at
shorter wavelengths next to the respective transitions D.
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Figure 2.14. EMAS spectra and the corresponding potential dependent bleach signal
intensities of the respective first transitions of multilayer films of CdSe nanoparticles with
different sizes: 5.9 nm (a, b), 4.9 nm (c, d), 3.8 nm (e, f), 3.4 nm (g, h), 2.9 nm (i, j) and
2.4 nm (k, l). The dashed lines are the best fits according to equation 2.21. The sigmoid
curve progressions and thus the 1Se state position clearly shift to more negative potentials
for decreasing particle size.
54
2. Potential modulated absorption spectroscopy
With decreasing particle size a rapid drop in the signal magnitude is observed. In
comparison to the sample with the largest particle diameter the bleach magnitude of
the sample with the smallest particle diameter is decreased by two orders of magni-
tude. Assuming that the absorption coefficient is directly proportional to the particle
volume the decrease in signal intensity from the largest size (5.9 nm) to the smallest
size (2.4 nm) is expected to amount to only approximately 7%.
The lower intensities observed for the small particles are attributed to the less effi-
cient adsorption abilities of the smaller particle sizes during the deposition procedure
and can be explained in terms of a much smaller radius and hence a more strongly
curved surface. Hence, the interaction with multiple binding sites is less likely with
the consequence that small particles are more prone to detach. Moreover a slight de-
crease of the signal magnitude at the most negative potentials is observed for nearly
all samples. This finding was already discussed in the forgoing section and is at-
tributed to detachment of particles due to hydrogen evolution.
The respective plots of the bleach signal intensity versus the applied potential clearly
reveal a shift of the sigmoid curve trace to more negative potentials with decreasing
particle diameter and therefore increasing band gap energy. This finding is in agree-
ment with the presence of the quantum confinement effect.
In order to determine the size dependent potential of the 1Se state, which corresponds
to the conduction band edge, the measured data were fit according to the model pre-
sented in section 2.3. To reduce the influence of random errors the positions of the
inflection points have been determined by averaging the results of at least five mea-
surements at different sites on the electrodes.
Theoretically it should be possible to determine the position of the valence band in
similar fashion by applying the potential modulation across the valence band edge.
However the expected potential range for the valence band edge is located beyond
the oxidation potential of water. Therefore the valence band edge positions have
been determined according to equation 2.22 by adding the optical band gap energy
and the respective Coulomb interaction term to the conduction band level. The size
dependent absolute energy levels of the conduction band and valence band are shown
in figure 2.15. Additionally the predicted dependencies based on theoretical calcula-
tions, namely the effective mass approximation (EMA) and a tight binding approach
(TB), are shown for comparison.
In agreement with the quantum size effect, the determined band edge levels of the
conduction band and valence band show a significantly convergent behavior with in-
creasing nanocrystal diameter, which fits quite well with the theoretically predicted
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Figure 2.15. Size dependence of the absolute energies of the conduction band edges and
valence band edges for the set of CdSe nanocrystals determined by EMAS. Theoretically
predicted curves based on the effective mass approximation (EMA) and a tight binding
approach (TB) reported by Sapra and Sarma.176 have been plotted for comparison. Whereas
the size dependent band edges calculated by the tight binding approach closely match the
measured data, the effective mass approximation increasingly overestimates the band gap
for decreasing particle size, due to the assumption of that the respective charge carriers are
confined by infinite energy barriers. Please notice the axis break at the potential/energy
axis.
curves. The size dependence of the shifts of both band edges is found to be nearly
equal. This is rather unexpected considering the fact that the band edge shifts should
be related reciprocally to the respective charge carrier effective mass176 and therefore
a somewhat larger shift is expected for the conduction band edge as is also expressed
in the theoretically calculated curves. The observed loss in signal magnitude at
potentials more negative than −1.3V could provide a possible explanation for this
effect. The detachment of particles from the electrode surface leads to a premature
decrease in the bleach intensity before the potentials at which the signal intensity
should reach the plateau are probed, i.e. as the occupation probability becomes one.
Subsequently, the expected sigmoidal curve progression becomes distorted such that
the inflection point, corresponding to E0 is slightly displaced towards more positive
potentials. Moreover it follows that this effect is more pronounced for smaller par-
ticle sizes, as with decreasing particle size the bleach is observed at more negative
potentials.
If this artifact is taken into account, the measured data very closely resembles the
curve progression predicted by the TB approach. On the other hand, the effective
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mass approximation reveals a much stronger dependence of the band gap with size
as obtained from EMAS. This is mainly due to the fact that in this model the confin-
ing potentials have been assumed to be infinite, leading to an overestimation of the
confinement energy, especially for smaller crystal sizes. Furthermore, in the case of
II - VI semiconductors the simple effective mass approximation does not account for
the splitting of the valence band into subbands.119,176–179 TB calculations provide a
substantial improvement in accuracy since it describes properties in terms of chemi-
cal bonds and therefore gives the model a more realistic physical base.180 Sapra and
Sarma have computed the size dependent shifts of the individual band edges in for
various II - VI semiconductor NCs by using a sp3 d5-orbital based TB approach.176
2.5.5 EMAS in non-aqueous electrolytes
The use of water as solvent for (spectro-)electrochemical investigations has many
advantages. These include the ability to support high electrolyte concentrations and
therefore to obtain low electrolyte resistivities, as well as ease of simple handling and
the availability of well defined and highly stable reference electrode systems. Despite
these benefits the available electrochemical window of aqueous electrolyte is quite
restricted, even if electrode materials with considerably higher overpotentials for the
decomposition reactions are used. For that reason the upper valence band states can-
not be addressed by means of EMAS as even the largest CdSe nanocrystals studied
within this thesis still have a band gap of 1.98 eV. This problem can be circumvented
by the use of non-aqueous electrolytes for which larger potential windows are avail-
able. For example, for high purity 0.1M tetrabutylammonium hexafluorophosphate
(TBAPF) in acetonitrile potential windows of up to more than 5V have been re-
ported.181
To elucidate whether the top of the valence band can be probed, EMAS measure-
ments have been carried out in acetonitrile and methanol. In both solvents 0.1M
TBAPF was employed as supporting electrolyte. The potentials were applied with
respect to a Ag/Ag+ electrode of the first kind, filled with the respective solvent to
minimize junction potentials. The reference electrodes were regularly calibrated ver-
sus the Ferrocene/Ferrocenium redox couple (Fc/Fc+) and the potentials specified in
the diagrams are given with respect to that couple to make them directly comparable
irrespective of the electrolyte used. The comparability is provided by the fact that
due to the geometrical properties and the low ionic charge of the Fc/Fc+ couple the
difference in solvation enthalpy of either of its members is very small and therefore
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Figure 2.16. EMAS spectra and the corresponding potential dependent signal ampli-
tudes of the respective first transitions of multilayer films of 4.9 nm CdSe nanocrystals
recorded in a,b) acetonitrile and c,d) methanol. A 0.1M concentration of TBAPF was
employed as supporting electrolyte in both solvents.
the redox potential of the Fc/Fc+ couple is assumed to be nearly independent of the
solvent employed.182,183 Based on the data obtained in the aqueous electrolyte and
the preliminary assumption that the position of the conduction band edge is indif-
ferent from the electrolyte, the position of the 1Se state is estimated to be located at
approximately −1.3V versus Fc/Fc+ (E−◦ = 0.4V)184.
On this basis it was attempted to reproduce the results obtained in the aqueous
system. The EMAS spectra of multilayer films of 4.9 nm CdSe nanocrystals and
the corresponding potential dependent bleach signal intensity of the first transitions
recorded, are shown in figure 2.16. The spectra recorded in the non-aqueous systems
are quite similar to those achieved in aqueous media. The four first transitions are
bleached and an induced absorption band is obtained at 550 nm. Similarly, the plot
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of the bleach magnitudes versus the applied potential show a sigmoidal-type curve
progression as expected. However, at the potentials where the bleach is driven into
saturation a small but distinct blue-shift is obtained for both electrolyte systems.
Such an increase in the optical band gap corresponds to a decreasing particle di-
ameter and therefore the blue-shift suggests a partial degradation of the particles
deposited on the electrode. The decomposition may be induced directly by reduction
of the deposited material or indirectly by the formation of highly reactive radical
anions that can be formed at more reductive potentials.
The potentials for the 1Se state obtained by fitting the bleach signal intensities of
the first transition to equation 2.21 amount to −2.247V and −1.688V versus Fc/Fc+
for acetonitrile and methanol, respectively. Based on the results obtained in sections
2.5.2 and 2.5.3 the potential of the 1Se state for the aqueous electrolyte is calculated
to be −1.304V after conversion to the Fc/Fc+ scale. Additionally considering the
respective valence band edge positions, the band scheme as depicted in figure 2.17
emerges. As can be seen the absolute position of the band gap depends significantly
on the electrolytic environment. The fact that the absolute energy positions of the
band edges at the surface strongly depends on the electrolyte composition is widely
E vs. Fc/Fc+ [V]
water
methanol
acetonitrile
-1
-2
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0
1
2
Figure 2.17. Scheme of the absolute band positions determined by EMAS of 4.9 nm CdSe
determined in different electrolyte systems, revealing a significant impact of the immediate
surrounding to the absolute energy positions of the particle’s bands.
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known for bulk semiconductor - electrolyte interfaces and therefore the findings ob-
tained here should not be greatly surprising. In bulk semiconductors the band edge
position at the surface is substantially influenced by the charge at the surface, which
is defined through the absorption and desorption of ions.23,28,185 This is particularly
evident with regard to the strong pH dependence of the band edge positions ob-
served especially for oxidic semiconductors.23 As the concentration of specific ion
adsorption remarkably influences the band edge positions it can be expected that by
also changing the solvent one should observe a very significant influence. This as-
sumption is corroborated by results obtained for bulk semiconductors. For instance,
Bhattacharya and Datta have shown that the flatband potential (and therefore the
position of the conduction band edge) of n-type CdSe obtained in aprotic solvents is
more than one volt more negative than those obtained in aqueous electrolytes.186
In a recently published work Boehme et al. assumed that the voids within a nanopar-
ticulate film, such as is also present in the work presented in this thesis, may play
also an important role with regards to the potentials at which the nanocrystals be-
come charged.187 According to their model the size of the voids in the film, i.e. the
space between the nanocrystals, and the size of the cation substantially determines
the amount of charge that may be injected, as the injected charge has to be coun-
terbalanced by cations diffusing into the voids. Employing large cations, such as
tetraoctylammonium yields an insufficient charging of CdSe nanoparticle films in
contrast to smaller ions like Li+. It is further supposed that the proximity of the
cation to the nanoparticle surface lowers the electrochemical potentials of their elec-
tronic states due to an attractive Coulomb interaction. This would also explain the
more negative potentials for the conduction band edges obtained in acetonitrile and
methanol compared to the value obtained in water. Whereas TBAPF was used as
supporting electrolyte in the non-aqueous solvents, sodium sulfite was employed in
water. The ion radius of the tetrabutylammonium ion is 5.2 Å‡ and therefore sig-
nificantly larger than that of the hydrated sodium ions, which amounts to 3.6 Å.188
Hence the lowering of the potential of the 1Se state due to an electrostatic inter-
action is expected to occur to a greater extent in the aqueous electrolyte than for
the methanol and acetonitrile based electrolytes, due to the greater proximity of the
charges with respect to each other.
The assumption that electrostatic interactions have a sufficient influence on the en-
ergy levels of the nanocrystals can further be extended to the dielectric properties
‡For the tetrabutylammonium ion the solvation shell is neglected, since their alkyl side chains may
already provide sufficient solvation.
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of the respective solvents. Water has a relative static dielectric constant of 78.4 and
shields the accumulated negative charge between proximate nanoparticles more effec-
tively than methanol and acetonitrile which have comparable relative static dielectric
constants of 32.7 and 35.9, respectively.189 Hence, the repulsive electrostatic inter-
actions between the charged particles within the film are expected to be weaker in
an aqueous environment which should also lead to a lowering of the electrochemical
potentials of the quantum dot states.
Despite the influence of the electrostatic conditions within the films the chemical
properties of the respective solvents are also expected to affect the electronic states
of the nanocrystals. Due to their protic nature short-chain alcohols - especially
methanol - effectively strip X-type ligands from the surface of the particles, whereas
acetonitrile does not.190 This may explain the offset obtained in the characteristic
potentials determined for methanol and acetonitrile.
The preliminary intention to employ non-aqueous electrolytes was to extend the avail-
able potential window towards the more positive direction in order to probe the top
of the valence band by EMAS. On the basis of the 1Se state potentials determined
and the band gap energies determined using absorption spectroscopy, the top valence
band state, namely the 1S3/2 state, is expected to be located at −0.201V and 0.358V
versus Fc/Fc+ in acetonitrile and methanol, respectively. However it was not possible
to observe a response in either electrolyte when the potential was modulated in the
range where the position of the valence band edge was expected based on the results
obtained in aqueous electrolyte. Increasing the modulation amplitude appears to
lead to particle degradation as the previously observed response of the conduction
band was also absent after the application of quite positive potentials.
It seems to be easier to inject an excess electron into a free state in the conduction
band than to extract it from the valence band. This is intuitive if one considers
that the valence band electrons are localized within the atomic bonds. Thus their
extraction requires a certain activation energy, but when this threshold is overcome
the removal of electrons seems to lead to an instantaneous oxidative degradation of
the particles.
Until now bleaching of the first exciton transition upon hole injection into the valence
band has only been observed for films of large PbSe quantum dots (> 7.8 nm).147 In
contrast to electron injection the observed response was just partially reversible and
the application of more positive potentials causes irreversible changes in the film.
For smaller PbSe crystals no significant changes in the absorption profile could be
detected.
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2.6 Application to CdS nanocrystals
2.6.1 Characteristics of the CdS nanocrystals
CdS nanocrystals in a size range between 3.9 and 5.9 nm were synthesized according
to a slightly modified procedure presented by Sapra et al.192 The absorption spectra
normalized to the maximum of the respective first transition and the correspond-
ing PL spectra of this set of particles is shown in figure 2.18 a). Despite the quite
narrow size distributions revealed from the narrow luminescence bands the higher
optical transitions are less pronounced as compared to those obtained from the CdSe
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Figure 2.18. a) UV-vis absorption spectra (black) and corresponding PL spectra (red) of
CdS nanocrystals of different sizes. All curves have been normalized to the first transition
in the absorption and the maxima in the PL, respectively. b) Corresponding XRD patterns
of the CdS particles and reference pattern of the cubic bulk CdS phase.191 For clarity only
the particularly pronounced reflections have been indexed.
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nanocrystals. The band gap energies calculated from the first transition in the ab-
sorbance range from 3.0 eV for the smallest particle size to 2.65 eV for the largest
particle size. Figure 2.18 b) shows the XRD patterns of this set of particles and the
obtained reflex positions match those of the cubic zinc blende modification of bulk
CdS.
2.6.2 EMAS of the CdS nanocrystals
As for CdSe quantum dots, multilayers of CdS particles have been deposited onto
FTO and subsequently EMAS spectra recorded in the same manner as previously
reported. Because of the comparatively well-resolved optical transitions the 5.6 nm
sample was chosen for a more detailed analysis of the obtained response.
A set of EMAS spectra of a multilayer film of this sample in the range between 300
and 600 nm is shown in figure 2.19 a). The corresponding absorption spectrum of the
film and the colloidal solution is shown for comparison in figure 2.19 b). Additionally
the second derivative of the solution spectrum is plotted in order to clarify the posi-
tions of the higher transition maxima. Despite the use of an integration sphere, the
absorption spectrum of the nanoparticle film is still corrupted by interference effects,
which are manifested as an oscillation of the absorbance magnitude especially at the
high energy side of the spectrum. The dips at 520 and 320 nm are attributed to this
effect. Due to the relative high refractive index of CdS the introduction of a quite
dense, approximately 25 nm thick film of CdS nanoparticles (assuming 5 layers of
5.6 nm particles) the reflection and transmission properties of the stacked layer of
CdS - FTO - glass are substantially different to those of a stack without the CdS film,
which is used to correct for the absorbance of the FTO and the glass, respectively.
However the absorbance of the particle film at the lowest energy transition can still
be estimated and amounts to approximately 5× 10−3.
As can be seen from figure 2.19 a) the EMAS response of CdS is remarkably different
to that obtained from CdSe. Although the first transition (A) at 557 nm becomes
strongly bleached at potentials more negative than −1.1V no obvious bleach is ob-
tained for the higher transitions. Instead two induced absorption bands (X and Y)
are obtained at 423 and 388 nm respectively, which cannot be correlated to any of
the transitions observed in the absorption spectrum. Between these bands one could
guess that there is a second very weak bleach signature (B) at 406 nm, which indeed
matches the third transition maximum in the absorption spectrum. The feature at
360 nm is attributed to the FTO substrate as already mentioned above. Further
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Figure 2.19. a) EMAS spectra of a multilayer of 5.6 nm CdS nanocrystals deposited on
FTO. The applied dc potential is −0.7V versus the Ag/AgCl reference. b) The correspond-
ing absorption spectra of the particle film on FTO (red) and the nanoparticles in solution
(black). Additionally the second derivative of the solution spectrum is shown to emphasize
the higher optical transitions. The absorbance scale is valid only for the film spectrum. The
solution spectrum and its second derivative have been offset and scaled for clarity. c) Plot
of the bleach signal intensity of the transitions A and B and the induced absorption bands
X and Y with respect to the applied potential. The dashed lines represent fits according to
the model presented in section 2.3. The signal intensity of bleach band B is magnified by a
factor of ten for clarity.
an isosbestic point is obtained at 432 nm. Whereas the EMAS spectra of the CdSe
nanocrystals feature substantial bleaches of the first four transitions, for CdS only
the first transition is significantly bleached.
Additionally a second induced absorption feature is obtained for CdS, which is absent
in the case of CdSe. The substantial differences obtained in the EMAS spectra of CdS
and CdSe nanoparticles are quite surprising. Due to the close chemical relationship
of the two compounds, the electronic structures of both semiconductors is also quite
similar, suggesting on preliminary grounds that the EMAS responses would also re-
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semble each other. As can be seen from the colloidal solution absorption spectrum
the higher transitions are much less pronounced than for CdSe. Therefore it seems
likely that the bleach of the second and third excitonic transition is latent as it is
completely superimposed upon by the induced absorption bands corresponding to
the excited-state absorption.
Despite the anion, the primary difference between both sets of nanocrystals is their
crystal structure. Whereas the CdSe nanocrystals discussed within this study are
present in the hexagonal wurtzite phase, the CdS nanocrystals are obtained in the
cubic zinc blende phase. For the case of CdSe quite different excitonic features in the
proximity of the fundamental transition are obtained, comparing the absorption spec-
tra of wurtzite-CdSe and zinc blende-CdSe nanoparticles of comparable sizes.155,193
Further the Stokes shifts obtained for zinc blende-CdSe are generally larger than for
wurtzite phase particles. These facts imply that there are at least small differences
in the electronic structures of the two crystal modifications, which can be also be
responsible for the differences obtained in the EMAS spectra.
Figure 2.19 c) shows the potential dependent signal magnitude of the bleach and in-
duced absorption bands observed in the EMAS spectra. The data follow a sigmoidal
curve shape as expected, whereby the change in absorbance for all signals sets in at
about −1.1V and settles to a nearly constant value at potentials more negative than
−1.4V. At these potentials the signal intensity of the fundamental transition (A)
amounts to −4.5× 10−3 which agrees well with the data obtained from the absorp-
tion spectrum of the film. Thus, the fundamental transition becomes completely
bleached at reductive potentials as already observed for the CdSe nanocrystals.
In order to obtain the inflection points and thus the electrochemical potential of
the addressed conduction band state, the obtained data were fitted according to the
model presented previously. The optimized fitted parameters are listed in Table 2.3.
As can be seen, nearly equal values were obtained from the fits indicating that only
Table 2.3 Parameter sets obtained by fitting the potential dependent signal intensities of
the bleach bands (A,B) and the induced absorption features (X,Y) determined by EMAS
of five layers of 5.6 nm CdS particles according to equation 2.21.
Band E0 vs. Ag/AgCl [V] ξ [mV] ∆A1 × 10−4 ∆A1 × 10−4
A −1.254 46 −43.5 0.56
B −1.247 39 −1.9 −0.01
X −1.238 42 10.7 0.03
Y −1.256 38 3.8 −0.44
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one electronic state is affected by the applied potential modulation. This is also
confirmed by the presence of the isosbestic point in the set of EMAS spectra. The
electrochemical potential determined for the lowest conduction band state amounts
to −1.25V versus the Ag/AgCl reference electrode, which is approximately 100mV
more negative than that of CdSe particles of comparable size.
This is in agreement with results obtained for bulk semiconductor electrodes, in which
the stated potentials for CdS are around 300mV more negative compared to those
of CdSe.194 The smaller difference obtained for the nanocrystals is due to the larger
confinement effect caused by the smaller effective electron mass in CdSe. Hence the
obtained shift of the conduction band edge position with decreasing particle diameter
is expected to be larger for CdSe in comparison to CdS. Similar to the CdSe quantum
dots the size dependence of the EMAS response has been investigated for CdS par-
ticles. The EMAS spectra and the corresponding potential dependent bleach signal
intensities of the first transitions of CdS nanocrystals in the size range between 3.9
and 5.9 nm are shown in figure 2.20.
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Figure 2.20. EMAS spectra and the corresponding potential depend bleach signal inten-
sities of the respective first transitions of multilayer films of CdS nanoparticles with different
sizes: 5.9 nm (a,b), 5.6 nm (c,d), 4.6 nm (e,f), 4.2 nm (g,h), and 3.9 nm (i,j). The dashed
lines are the best fits according to equation 2.21. The sigmoidal curve progressions and thus
the 1Se state positions clearly shift to more negative potentials for decreasing particle size.
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The spectra of all sizes clearly feature a strong bleach signal of the lowest energy
excitonic transition. For the three largest sizes the previously described induced ab-
sorption bands of the corresponding excited states can be resolved. Due to the low
signal intensity obtained for the smaller diameter samples these signals are buried in
the noise or are superimposed upon by the background signals of the FTO.
With decreasing particle size the sigmoidal curve trace of the potential dependent
bleach of the respective first excitonic transitions are significantly shifted towards
more negative potentials as is expected due to the quantum size effect. Further-
more it is striking that for all samples a certain decrease in the signal amplitude is
achieved at reductive potentials. As no significant blue shifts or changes in the EMAS
responses are observed, this effect is attributed to particle detachment, presumably
due to hydrogen evolution. This effect was already noted for the CdSe nanoparticles.
The positions of the respective 1Se states for all particle sizes have been determined
from the averages of at least five measurements at different positions on the elec-
trodes. As for the CdSe nanoparticles the positions of the top of the valence band
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Figure 2.21. Size dependence of the absolute energies of the experimentally determined
conduction band and valence band edges for CdS nanocrystals in the size range between 3.9
and 5.9 nm. The conduction band edges have been directly determined by EMAS and the
positions of the valence bands have been calculated by adding the respective optical band
gaps and the coulomb interaction terms to the conduction band potentials. Theoretically
predicted curves based on the effective mass approximation (EMA) and a tight binding
approach (TB) reported by Sapra and Sarma176 have been plotted for comparison. Please
note the axis break at the potential/energy axis.
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has been calculated by adding the respective optical band gap determined from the
absorption spectrum and the respective Coulomb interaction term according to equa-
tion 2.22. The resulting data are shown in figure 2.21. For comparison the theoret-
ically predicted curves for the size dependent potential of the conduction band and
the valence band calculated using the effective mass approximation and the TB cal-
culation presented by Sapra and Sarma are also shown.176
The potentials determined for the conduction band edge agree quite well with the
predictions, although the size dependence of the measured data features a shallower
slope compared to the theoretical curves. By contrast the valence band potentials,
which were calculated on the basis of the experimentally determined conduction band
positions, reveal significantly larger shifts towards more positive potentials with de-
creasing particle sizes than initially expected. This apparent distortion of the band
edge positions especially for the smaller diameter particles may be induced by the
previously described loss in signal intensity due to particle detachment. As this effect
is more pronounced at more negative potentials, the data obtained for the smaller
particles is likely to be more influenced by this distortion than for larger particles.
Hence the obtained shift of the conduction band edge is slightly underestimated.
Nevertheless the results clearly resemble the expected curve progressions obtained
from theory.
2.7 Application to bulk CdSe
Potential modulated absorption spectroscopy can also be applied for layers of bulk
semiconductors as long as they are thin enough to allow adequate amounts of light to
pass through. On the one hand this allows comparisons of the obtained band positions
of the nanoparticulate CdSe with the values for the bulk material and on the other
provides the opportunity to validate the technique with other methods which can be
applied to bulk semiconductor electrodes, e.g. the Mott-Schottky method.
2.7.1 Characteristics of the bulk CdSe electrode
Polycrystalline thin films of bulk CdSe were prepared on FTO by electrodeposition
from a selenosulfite containing electrolyte according to a procedure presented by
Kazacos and subsequently annealed in an inert atmosphere to enhance the crystal-
lite size within the film.195 The obtained layers are smooth to the eye, reasonably
transparent and strongly adherent to the substrate with their thickness being about
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Figure 2.22. a) Absorption spectrum of the electrodeposited bulk CdSe film on FTO
and b) plot of the square of the absorbance versus the photon energy in proximity of the
absorption edge. The direct proportionality between the squared absorbance and the photon
energy reveals a direct transition. Extrapolation of the slope to zero yields the band gap
energy.96
200 nm as determined by profilometry. The UV-vis absorption spectrum of the film
shown in figure 2.22 a) reveals a steep fundamental absorption edge at 730 nm and
another higher energy transition located at 570 nm.
Plotting of the square of the absorbance versus the photon energy reveals a direct fun-
damental transition with an energy gap of 1.71 eV as can be seen in figure 2.22 b).96
This is in good agreement with the literature value of 1.73 eV for bulk CdSe in its
hexagonal modification.102 The shoulder at 570 nm can be assigned to the split-off
band transition from the C sub-band which is split from the highest valence band by
spin-orbit interaction.102
A nearly stoichiometric composition was determined by energy-dispersive x-ray spec-
troscopy (EDX) analysis. X-ray diffraction reveals that CdSe is indeed present in the
hexagonal modification (wurtzite) as is the case for the nanoparticles. Interestingly
the (002) reflex is two to three orders of magnitude more intense than the other
low-index reflections, as can be seen in figure 2.23. Further the respective high index
equivalents, namely the (004) and the (006) reflections, which are usually of marginal
intensity, are clearly pronounced. In contrast many of the reflections of the planes
which are strongly inclined to that crystal plane are suppressed, i.e. the (102) and
the (112). These findings clearly indicate a highly preferred orientation along [001],
i.e the c-axis is perpendicularly aligned with respect to the substrate plane.
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Figure 2.23. XRD pattern of the bulk CdSe film electrochemically deposited onto FTO
and peak positions for the hexagonal wurtzite modification.154 The high intensities obtained
for the (002), (004) and (006) indicate a strongly preferred orientation along the c-axis of
the CdSe layer. The reader is advised to note that the abscissa is scaled logarithmically.
2.7.2 EMAS of the bulk CdSe electrode
Potential modulated absorption spectroscopy experiments of the bulk electrode were
conducted in the same manner as for the nanoparticle modified electrodes described
previously. A typical set of EMAS spectra of bulk CdSe is shown in figure 2.24 a).
For comparison the absorption spectrum of the electrodeposited film is shown below
in figure 2.24 b). Two distinct bleach features are observed, one at 700 nm and the
other at 570 nm, correlating exactly with the positions of the transitions observed
in the absorption spectrum. Additionally a conspicuous increase in the absorption
is obtained adjacent to the bleach signal at 740 and 670 nm. In the lower potential
range the intensity of the features in the spectra rises slowly. At potentials more
negative than −0.95V an obvious change in the EMAS response is observed. It is
first of all apparent that the bleach signal intensity increases faster and the peak
maximum is shifted to shorter wavelengths with increased negative potential. The
induced absorption adjacent to the bleach signal vanishes again and at more negative
potentials the flank at the high energy side of the bleach signal undergoes a clear shift
toward higher energies. Interestingly the potential dependent changes in the bleach
features are the same for the fundamental edge as well as for the split-off valance
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Figure 2.24. a) EMAS spectra of the thin film of bulk CdSe and b) the corresponding
absorption spectrum. The dashed lines indicate the positions of the fundamental transition
as well as the split-off transition.
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Figure 2.25. a) Potential dependent bleach signal intensity of bulk CdSe at the funda-
mental transition and the split-off band transition. The dashed lines represent fits to the
linear portions of the data corresponding to the Franz-Keldysh regime and the Burstein-
Moss regime. b) Set of EMAS spectra in the Franz-Keldysh regime. Both, the fundamental
and the split-off band transition become broadened, as is typical for this effect.
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band transition. A plot of the bleach maxima of both transitions versus the applied
potential is shown in figure 2.25 a). As could be expected in the EMAS response
the bleach intensity increases slowly at more positive potentials than −0.95V and
more strongly at potentials more negative than −0.95V. In both potential ranges
a nearly linear slope for the potential dependent signal intensity is obtained. This
result suggests that there are two different processes contributing to the bleach of
the respective transitions. For the sake of clarity the EMAS spectra of the potential
regime more positive than −0.95V have been plotted separately as can be seen in
figure 2.25 b). The EMAS responses obtained for that range are characterized by a
bleach of the respective transitions and induced absorption features rising symmet-
rically on the high and low energy side of the bleach signal. In terms of the absolute
absorption this means that the respective transitions are broadened or, if just the
low energy fundamental edge is taken into account, the absorption edge appears to
be bathochromically shifted. These observations suggest that the changes in the
absorbance are induced by the Franz-Keldysh effect96 which describes the influence
of the optical absorption features of a semiconductor in the presence of an electric
field.196–198 Under the conditions employed in the experiment, the electric field re-
sponsible emerges at the semiconductor-electrolyte junction, which forms when a bulk
semiconductor is brought into contact with an electrolyte. Generally the adjacent
layer inside the semiconductor becomes depleted in majority carriers and a space
charge layer (SCL) is formed, as sketched in figure 2.26 a). The redistribution of
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Figure 2.26. Schematic diagram of an n-type semiconductor-electrolyte interface a) at
equilibrium, b) under application of a negative potential and c) under forward bias condi-
tions. As a sufficient forward bias is applied, the bottom conduction band states become
populated within a thin layer near the interface. Adapted from Uosaki and coworkers.199
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charge is associated with a potential drop, typically a few hundred millivolts, across
that layer which typically has a width of about 10 – 1000 nm.73,185 It follows that the
electric field in that region can easily exceed 105 V m−1. A modulation of the applied
potential alters the potential drop across the interface (figure 2.26 b)) and therefore
the associated electric field periodically changes causing the changes in the optical
absorption as observed in the EMAS spectra.
At a certain negative polarization the semiconductor - electrolyte junction is driven
into a forward bias situation in which the conduction band edge is bent downwards
below the Fermi level and the semiconductor becomes degenerate within a thin layer
adjacent to the interface, as shown in figure 2.26 c).185,199–201 The population of the
conduction band states proximate to the interface causes an increase in the bleach
signals at potentials more negative than −0.95V. The observed hypsochromic shift
of the peak maxima and their respective high energy flanks are due to the fact, that
with increasing negative potential such conduction band states are also populated,
which are energetically located further above the band edge. Thus transitions which
are of a higher energy than the band gap are progressively bleached (Burstein-Moss
effect). This is in contrast to the potential dependent bleach features of the nanopar-
ticulate films, which do not show any hypsochromic shift because in this case the
conduction band is composed of states which are discrete in energy, whereas in the
bulk sample it is a continuum of states. As can be seen from the EMAS response the
observed intensities associated with the bleach signals are quite low compared to the
overall absorption of the film. This is because the processes which are responsible
for both the Franz-Keldysh and the Burstein-Moss effect are confined to a very thin
layer within the semiconductor adjacent to the interface. Simultaneous observations
of both effects have already been observed in ESR measurements of bulk n-type
InSb202,203 and p-type GaAs.108,204
Contrary to nanoparticles, where for the increasing potential modulation amplitude
only one state is populated, a continuum of states is affected in the case of the bulk
electrode. Consequently the model formulated in section 2.3 does not apply here.
Nevertheless in order to determine the conduction band potential the assumption
that the position of the conduction band edge should lie 4kBT above the bleach
onset potential is considered. The onset (−0,960V) was determined from the inter-
section of the lines fitted to the potential ranges, associated with the Burstein-Moss
and the Franz-Keldysh effect. Thus the conduction band edge for the bulk sample
is located at −1,06V vs. Ag/AgCl and therefore energetically below the conduction
band edge energies determined for all of the nanoparticle sizes investigated which is
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in agreement with theory. However the value is expected to be located approximately
200mV more positive than that of the largest nanocrystal size, if one extrapolates
the trend for the conduction band edge in figure 2.25. This discrepancy may be
attributed to some particular features having an influence on the electronic struc-
ture of the respective samples, for example the presence of ligands in the case of the
nanoparticulate CdSe, as already discussed in section 2.5.3.21,25,145
2.7.3 Mott-Schottky measurements
In order to verify the conduction band edge position as determined by EMAS, Mott-
Schottky measurements have been carried out to determine the flat band potential of
the bulk sample.205,206 The flatband potential refers to the potential where no band
bending occurs, which corresponds to the Fermi level at an unperturbed semiconduc-
tor. In doped semiconductors this is in close proximity to the respective band edges,
according to the kind of doping. For n-type semiconductors, as is the case for CdSe,
the Fermi level is close to the conduction band and therefore this method can be
used to determine its absolute energy position by measuring the potential dependent
capacitance of the semiconductor-electrolyte interface. The relationship between ca-
pacitance and applied potential is expressed in the Mott-Schottky equation:
1
C2sc
=
2
ε0rε0rA
2
END
(
E − Efb −
kBT
e
)
(2.23)
where Csc is the space charge capacitance, ε0r the static dielectric constant of the
semiconductor, ε0 the permittivity of free space, AE the area of the electrode, e the
elementary charge, ND the donor concentration, E the applied potential, and Efb the
position of the flatband potential. Plotting C−2 versus E should result in a straight
line and the flatband potential can be easily determined by extrapolation to zero.
Both, the kind of doping as well as the concentration of the dopants can be extracted
from the slope.
Figure 2.27 shows the Mott-Schottky plot of the thin film of bulk CdSe measured at
different frequencies. The respective capacitances were extracted from the imaginary
parts of the measured impedances under assumption of a simple series combination
of a resistor and a capacitance as equivalent circuit.§ Instead of the theoretically ex-
§Assuming a simple RC series combination, the capacitance is calculated using the relationship
C = 1/(2πfZj) where f is the applied frequency and Zj is the imaginary part of the impedance.
The model is adequate provided the frequency is high enough (on the order of kHz).207
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Figure 2.27. Mott-Schottky plot of the electrodeposited bulk CdSe thin film measured at
1, 5 and 10 kHz. The capacitances were determined by a series of single frequency impedance
measurements and under assumption of a simple RC series combination as equivalent circuit.
The dashed lines represent linear fits according to equation 2.23.
pected linear behavior C−2 decreases in two steps as a function of increasing negative
potential with two linear regimes between −0.1 and −0.4V and −0.8 and −1.0V.
Moreover the plot reveals a frequency dispersion in the determined values for C−2.
The observed non-linearity is not surprising for the case of electrochemically de-
posited semiconductor materials because the validity of the Mott-Schottky relation
is based on the assumptions that the capacitance of the space charge layer is negli-
gible compared to the Helmholtz capacitance and that only a single ionized doping
state near the band edge contributes to the establishment of the space charge layer
at the semiconductor-liquid interface. These requirements are usually fulfilled in the
case of pure single crystal semiconductors grown under well defined conditions. Apart
from the case of heavily doped semiconductors, where the space charge capacitance
is approaching the Helmholtz capacitance, the non-linearity of Mott-Schottky plots
can be caused by non-homogeneous doping distributions208,209 and the presence of
surface states,210–212 which influence the potential drop across the Helmholtz layer
and the occurrence of multiple doping levels in the band gap,213–215 whose degree of
ionization depends on the applied potential.
The electrochemical deposition of semiconductors usually leads to disordered poly-
crystalline materials with many grain boundaries and lattice defects which introduce
additional states into the band gap. Furthermore electrochemical deposition is much
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more prone to incorporation of impurity states than other methods of crystal growth
which are usually used to obtain high purity materials.
The polycrystallinity of the film may also be the reason for the observed frequency dis-
persion within the plot. A frequency dependent capacitance is a widely observed phe-
nomenon in electrochemical impedance spectroscopy (EIS) studies not only for sys-
tems involving semiconductor - electrolyte contacts but also for metal electrodes.216
These effects can be attributed to distributions of capacitive and charge-transfer re-
lated impedances along the area of the electrode (2-D distributions) or even along
the axis normal to the electrode’s surface (3-D distributions).217–219
Two-dimensional distributions could arise from surface inhomogeneities such as grain
boundaries and different crystal faces exposed to the electrolyte as they are present
in the polycrystalline thin film investigated. Moreover variations in the direction
that is normal to the surface, which may be attributed to gradients in the dielec-
tric or resistive properties of the deposited film are conceivable, in particular for
a electrochemically deposited film.216 Such gradients can arise from thickness de-
pendent variations of the film composition caused, for example, by depletion of the
electrolyte’s constituents during the deposition procedure.
However, the response achieved is in good agreement with a model presented by Dean
and Stimming, in which deep donor states which are not ionized at flatband condi-
tions, lead to an additional source of charge as they become ionized as the potential
drop across the space charge layer is increased.213,214 As a consequence the capaci-
tance near the potential at which these states become ionized increases, leading to
the observed step in the Mott-Schottky plot. The linear range at more negative po-
tentials is associated with a shallow donor state, whereas that one at lower potentials
is attributed to a deep donor state. Thus the branch at more negative potentials
can be extrapolated to the flatband potential according to equation 2.23.213 For the
three applied frequencies an average value of −0.972V is determined for the flat
band potential. As the flatband potential should lie somewhat below the conduction
band edge, this value is in excellent agreement with the conduction band edge energy
of −1.06V as determined from the EMAS data.
2.7.4 Conclusion
Potential modulated absorption spectroscopy was successfully employed to study
the bleach signatures in the absorption spectra of CdSe and CdS induced by elec-
tron injection into their respective conduction band states. The features observed
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in the spectra and the evaluation of the potential dependence of the signal inten-
sity revealed that only the lowest conduction band state, namely the 1Se state, is
populated. The occupancy therefore follows a quasi Fermi-Dirac distribution whose
distributional width, despite the temperature also depends on the size distribution of
the investigated particle ensemble. On that basis a model was developed to extract
the electrochemical potentials of the respective populated lowest conduction band
states.
For CdSe quantum dots the four energetically lowest excitonic transitions were found
to become bleached as the 1Se state is populated, indicating that these transitions
promote electrons from different states in the valence band to the same conduction
band state. These findings are in excellent agreement with results obtained from
ultra fast optical pump probe experiments, which are methods usually demanding
much more experimental efforts than the technique presented here.
The determination of the potential of the 1Se state versus a known reference po-
tential allows one to map the top valence band states with respect to an absolute
energy scale providing the opportunity to compare the obtained energy positions of
different samples. Determination of the electrochemical band edge potential clearly
features a size dependent shift of the conduction band edge and the valence band
edge for both, CdSe and CdS quantum dots, which is in excellent agreement with
the expected behavior due to the quantum confinement effect. Investigations in dif-
ferent electrolytes have shown that the immediate environment has a major impact
on the electrochemical potentials of the energy levels of the nanoparticles. This is
particularly important from a technological point of view, as in many applications
the semiconductor material is in direct contact with an electrolyte, as for exam-
ple in QDSSCs, electrochemical sensors and catalysis. In contrast to other “purely
physical” methods such as photo-emission spectroscopy or tunneling current-voltage
spectroscopy, potential modulated absorption spectroscopy provides the ability to
probe the materials under their most likely “working” conditions where such environ-
mental influences have to be taken into account.
The technique can additionally be applied to bulk semiconductor electrodes, as long
as they are thin enough to allow adequate amounts of light to pass through. The
features observed in the EMAS spectra of these samples clearly differ from those
obtained for nanoparticles, as here a continuum of states is progressively filled rather
than a single state. Besides the observed effects corresponding to band-population,
changes in the absorption of the film are also obtained when a modulation within
the potential range of the band gap is applied. The observed response is attributed
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to the Franz-Keldysh effect as the electric field across the space charge layer is also
modulated.
Just as any other experimental technique, potential modulated absorption spec-
troscopy also has some limitations. First of all the investigated material must provide
a certain stability towards the electrolytes and potentials employed. Furthermore
the available potential window of the electrolyte truncates the available measure-
ment range. Electrolyte decomposition may lead to detachment or even chemical
degradation of the quantum dots immobilized on the electrode. This issue limits the
application in the case of very small quantum dots where the conduction band edge
is shifted to respective negative potentials.
Also semiconductors with considerably negative conduction band edge potentials may
not be suitable for this technique. Hence it was not possible to obtain any response
from CdTe nanoparticles, even for quite large diameter samples, where the band edge
energy approaches the bulk value. This is due to the fact that for the bulk materials,
the conduction band edge of CdTe is assumed to be located 0.3 – 0.4 eV above that
of CdSe.220,221 As the conduction band effective mass for CdTe is somewhat smaller
than that of CdSe the shift is expected to be even larger for nanoparticles of com-
parable size. Hence, no response is expected at potentials below −1.4V versus the
Ag/AgCl reference.
However, the resolution and sensitivity that can be obtained with this comparatively
simple and cost-effective setup is quite remarkable. For example it was possible to
achieve clearly resolved bleach spectra of sub-monolayers of quantum dots attached
to FTO whose optical densities were below 10−3. Further the reproducibility of the
method allows a very precise determination of the respective electronic states of the
samples investigated.
The spectroelectrochemical method presented herein opens up a huge variety of fu-
ture work. Besides the characterization of different semiconductor materials the list
can be extended to all kinds of heterostructures and different particle shapes.
In this regard the recently presented semiconductor nanoplatelets are quite interest-
ing. These colloidal objects have 1D confinement, and they show identical thickness
and composition at least in the direction of highest confinement.222,223 Due to their
extremely narrow thickness dispersion these particles show extremely narrow and well
resolved excitonic transitions, making them ideal candidates for proving the model
stated above.
The significant differences in the EMAS response of the otherwise quite similar CdSe
and CdS quantum dots observed in 2.6.2 is yet not completely understood. It can
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only be presumed that the different crystal systems in which both sets of quantum
dots are present is responsible for the observed features. However, through the choice
of the right ligand mixture it is possible to synthesize high quality hexagonal and cu-
bic CdSe particles.155 In comparison to CdS nanoparticles, the excitonic transitions
for CdSe are far better resolved, allowing a more detailed insight into the EMAS
response of the two different crystal systems.
EMAS allows one to study the impact of the immediate environment on the electronic
properties of the particles especially with regard to the application of quantum dots
for example in solar cells, electrochemical sensors or photocatalysts. This includes
the ligand shell, the employed electrolytes and other external influences dependent
on the particular application.
Moreover, possible applications can be derived from the methodology itself. Nano-
crystals exhibit a markedly reduced pumping energy threshold for stimulated emis-
sion when in the charged state, as recently has been shown byWang and coworkers.224
The concepts applied for EMAS can therefore be possibly transferred in order to build
a quantum dot laser.
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Cyclic voltammetry has been successfully utilized for several decades in the deter-
mination of the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels of redox-active molecular species.225 As semicon-
ductor nanoparticles also possess a discrete electronic structure, it seems obvious
therefore that we should be able to employ this technique for their characterization
as it is expected that quantum dots undergo electron transfer mediated through the
valence band and the conduction band edges.
Indeed, in the recent past an increasing number of papers dealing with this topic have
been published. Haram and coworkers were the first to observe a size dependent cor-
relation between the optical band gap and the separation between the oxidation and
reduction peaks in the cyclic voltammograms of CdS nanocrystal dispersions.226 Since
then a number of similar studies have been undertaken on CdS,227 CdSe,32,227–234
CdTe,230,233,235,236 ZnSe,235 InP,237 CdSxSe1-x 153 alloys and also on CdSe/CdTe het-
erostructures.238 In addition to the impact of the confinement effect the influence
of the ligand shell, the solvent and the occurrence of defect states229,236,239 on the
voltammetric response have also been studied. The essence of all these publications
is that the anodic and cathodic features observed in the CV curves can be directly
associated with electron transfer processes mediated via the band edges.
During the experimental procedures two different strategies are pursued. Within the
first strategy, the measurements are carried out using solutions of freely diffusing
nanoparticles and hence, is based on the conventional concept of cyclic voltamme-
try. However, due to the poor dispersion properties of the nanoparticles in the polar
solvents usually employed in electrochemistry the molar concentrations that can be
achieved are typically very low. Moreover the diffusion coefficients of the particles
are much smaller when compared to molecular or ionic species. It follows that the
CV responses obtained in such systems are usually quite small. Therefore most of
CV investigations have been reported on particulate films of quantum dots, which
are prepared by spin casting or drop casting concentrated solutions of particles di-
rectly onto a platinum or glassy carbon disc electrode. Studies undertaken on such
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films are particularly prone to suffer from the limitation that electrochemical reac-
tions involving electron transfer lead to degradation of the nanocrystals. Therefore
it is to be expected, that in the first half of the scan cycle the nanocrystals are to a
large extent consumed and as such attributing all following voltammetric responses
as being due to the original nanocrystals is, at the very least, questionable.
The intention of this chapter is to find answers to the question: What are the peaks
observed in a cyclic voltammogram of a nanoparticulate system really telling us?
Previously published protocols were reproduced in the case of CdSe nanoparticles
and the obtained results compared to those achieved by potential modulated absorp-
tion spectroscopy. In addition some considerations in connection with the expected
response in a cyclic voltammogram of a nanoparticle film are presented, based on the
insights achieved from potential modulated absorption spectroscopy.
3.1 Cyclic voltammetry of drop casted quantum dot
films
Due to the problems one generally encounters in connection with the solubility of
nanoparticles in the polar electrolytes conventionally used in electrochemistry most
of the CV studies on semiconductor nanoparticles have been performed on nanopar-
ticulate films deposited onto an electrode surface. Therefore this approach is also
employed for the experiments discussed within this chapter.
3.1.1 General introduction into cyclic voltammetry
Cyclic voltammetry is a basic potential sweep technique and usually employed as a
fundamental characterization method in order to obtain first insights into the elec-
trochemical behavior of a preliminary and often unknown system. In general CV
experiments are performed using stationary electrodes in unstirred solutions. Start-
ing from some initial potential, which in many cases is the open circuit potential
(OCP) of the cell, a linear potential sweep is applied to the electrode until a desired
vertex potential is reached. At the vertex potential the scan direction is reversed
and the potential is swept linearly towards a second vertex potential, which may be
the initial potential but should this not be the case the sweep is again reversed and
the potential is returned to the initial potential. During the complete potential scan
the corresponding current response is simultaneously recorded. Hence, a triangular
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potential wave form is applied to the electrode, where the vertex potentials are gen-
erally determined by the stability of the electrolyte with respect to oxidative and
reductive decomposition.
The recorded current response evinces the oxidation processes which occur through
the presence of an anodic current or the reduction processes through that of a ca-
thodic current. The magnitude of the current, as well as the signal profile shapes
and the characteristic potentials at which the respective signals occur, depend on the
concentration of the redox active species adjacent to the electrode, the kinetics of
the respective electron transfer reactions and of course on the redox potential of the
following underlying reactions:
Anodic reaction: Red −→ Ox + ze−
Cathodic reaction: Ox + ze− −→ Red
When the voltage applied to the electrode, i.e its Fermi level, approaches the oxi-
dation potential of the reduced species the concentration ratio between the reduced
species and oxidized species will decrease due to the oxidation of the reduced species.
Consequently a concentration gradient emerges adjacent to the electrode surface and
the current becomes mass transfer limited at a certain point, as the oxidation pro-
ceeds faster than the reduced species can diffuse through the depletion layer. The
same applies for the reduction process as the sweep is reversed. The resulting cur-
rent responses can be evaluated by solving the diffusion equation according to Fick’s
second law under consideration of appropriate initial and boundary conditions.73
Although the initial concept of voltammetry pivots around mass transfer controlled
currents caused by the reaction of freely diffusing redox species it can also be applied
to redox active moieties confined to the electrode. The nanoparticle films deposited
onto glassy carbon electrodes clearly match this conception and it is to be expected
that the nanoparticles would undergo charge transfer mediated through the valence
and conduction band, respectively. As the electrode’s Fermi level approaches the
valence band, electrons are extracted yielding an anodic response. On the other
hand when the potential applied to the electrode approaches the energy level of
the conduction band, electrons may be injected causing a cathodic response in the
voltammogram.
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3.1.2 Experimental procedure
In order to be able to compare the results with one another the CV measurements
were undertaken on the same set of CdSe particles that has already been investigated
in the previous chapter. The electrodes were prepared according to several proto-
cols found in the literature.227,238,240 Subsequent to their synthesis 3µL of a colloidal
solution of the CdSe particles in toluene were drop cast onto glassy carbon working
electrodes. The measurements were conducted in a standard three-electrode configu-
ration with a platinum counter electrode, an Ag/Ag+ reference electrode and a 0.1M
TBAPF solution in acetonitrile as electrolyte. All measurements were carried out
under an argon atmosphere to minimize influences from both moisture and oxygen.
3.1.3 Results
Figure 3.1 shows the respective first scans obtained from the CV experiments on the
six different CdSe sizes. The initial scan direction was anodic (towards more positive
potentials) and the scan rate was 20mV s−1. All samples show very similar features,
which are a sharp anodic peak arising at about 1.2V (A) and a much smaller ca-
thodic wave at about −1.3V (C). In the case of the four smallest particle sizes a small
anodic pre-wave arises at the rising flank of A at 0.75V. The reproducibility of the
peak positions for each particle size was confirmed by repeating the measurement at
least five times. The average peak potentials EA and EC have been determined and
the corresponding standard deviations are depicted in Figure 3.2 a) and summarized
in table 3.1.
In the literature these anodic and cathodic peaks are quite often attributed to the
extraction of electrons from the valence band and the injection of electrons into the
conduction band, respectively and therefore one would expect them to correlate with
the optical band gaps of the CdSe NCs.32,153,226,228–232,235–238 With increasing particle
size, and therefore decreasing band gap energy, the anodic peak potential related to
the valence band is expected to shift towards positive potentials and the reduction
peak, attributed to the conduction band should shift to more negative potentials.
According to the Brus equation the extent of the band-edge shifts are, in general,
proportional to the inverse of the effective mass of the corresponding charge car-
rier.121,241 Considering the optical band gap energies of the smallest and the largest
particle size, that is 2.47 eV and 1.98 eV, the maximum energy difference amounting
to roughly 0.5 eV. Therefore a significant shift in the peak potentials is to be ex-
pected, at least when the CV curves of the smallest and the largest particle size are
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Figure 3.1. Cyclic voltammograms of CdSe nanocrystals of increasing particle diameter.
Each subfigure shows the first scan of the particular CdSe sample (black) and a blank curve
(red) obtained from a bare glassy carbon electrode. The scan rate is 20mV s−1 and the
initial scan direction was anodic (OCP, +1.5V, −2.5V, OCP) in all cases.
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Table 3.1 Details of the optical and electrochemical properties of the CdSe nanocrystals,
namely the crystallite diameter d, the optical band gap Eg,opt determined from the maximum
of the first transition in the absorption spectrum, the electronic band gap Eg, calculated by
addition of the Coulomb term to the optical band gap, the peak potential (average value ±
standard deviation of five experiments) of the anodic peak A and the cathodic peak C and
the potential difference between A and C.
d
[nm]
Eg,opt
[eV]
Eg
[eV]
EA vs. Fc/Fc+ [V] EC vs. Fc/Fc+ [V] EA −EC
[V]
2.4 2.47 2.81 1.081± 0.008 −1.394± 0.060 2.475
2.9 2.28 2.56 1.103± 0.019 −1.467± 0.060 2.570
3.4 2.19 2.43 1.115± 0.013 −1.392± 0.015 2.507
3.8 2.15 2.36 1.133± 0.021 −1.293± 0.059 2.426
4.9 2.05 2.22 1.151± 0.025 −1.247± 0.022 2.398
5.9 1.98 2.19 1.158± 0.031 −1.341± 0.062 2.499
compared. With regard to the average values of peak A, a very slight shift towards
more positive potentials with increasing particle size is observed, which is contrary
to that of the expected trend for decreasing band gap energy.
In the case of the cathodic peak potentials C the trend towards more positive values
with increasing particle size is as may be expected, but the degree of shift is too small
to be caused by the expected shift of the conduction band edge. This finding is also
expressed in the potential difference between the anodic and cathodic peak EA−EC
for the set of nanocrystals investigated in this study, also sometimes referred to as
the electrochemical band gap. Independent of the particle size this potential differ-
ence amounts more or less constantly to 2.5V. While these values closely resemble
the band gaps, for the smaller particle sizes the obtained potential difference and the
band gap even partially agree, a significant trend with increasing particle size is not
discernable.
Figure 3.3 shows an exemplarily CV response for 4.9 nm CdSe nanocrystals but with
the scan direction reversed, i.e. the initial scan direction is cathodic (towards more
negative potentials). In the first scan (upper trace) only the anodic peak A is observ-
able, whereas the cathodic feature at −1.3V is absent. The cathodic peak C occurs
in the second scan (lower trace) whereas the anodic signal is completely absent. This
is indicative that the peak C is caused by an electrochemical process happening at
A. This is verified by the data presented in figure 3.4 where consecutive CV scans are
shown, in which the positive vertex potential is increased stepwise. The initial scan
direction is towards positive potentials. In the first three scans, where the positive
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Figure 3.2. a) Potential positions of the anodic and cathodic peaks A and C for CdSe
nanocrystals of various sizes as determined by cyclic voltammetry. Please note the y-axis
break. b) Potential difference between the anodic and the cathodic peak potentials for the
same set of CdSe nanocrystals. The electronic band gap Eg as well as the optical band gap
Eg,opt are plotted for comparison.
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Figure 3.3. Two consecutive CV scans of 4.9 nm CdSe nanocrystals with reversed scan
direction (initial direction is cathodic, i.e. to more negative potentials). The scheme in
the upper-left corner depicts the scan direction. The small arrows indicate the order of the
events as they occur in the CV. The cathodic feature is not observed in the first scan.
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Figure 3.4. Consecutive CV scans of 4.9 nm CdSe nanocrystals with progressively in-
creasing anodic vertex potential. The initial scan direction is anodic. The cathodic feature
C observed within the CVs shown above does not emerge until the anodic reaction A is
induced.
vertex potential is increased from 0.5V up to 1.0V no cathodic feature at −1.3V is
present. In scan 4 the vertex potential is high enough to address the electrochemical
process at A and during the back scan the characteristic cathodic peak C is estab-
lished. In the following scan 5 the peak is shifted even further to more negative
potentials.
The results from these two experiments suggest that the peaks observed in the CV
curves are not related to abstraction and injection of electrons from the valence and
conduction bands, respectively. If this were to be the case both peaks, A and C are
expected to be present, independent of the scan direction. The peak A can therefore
be attributed to an irreversible electrochemical degradation of the deposited parti-
cles and C by the reduction of some species that has or have been formed during
the oxidative degradation. Very similar results have been reported by de la Cueva et
al.242 who have shown by XPS that the anodic feature is attributed to the oxidation
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of Se according to:
CdSe −→ Cd2+ + Se + 2e− (3.1)
The area below the peaks is proportional to the charge which has been transferred
during the respective reactions. It may also be observed above that the amount of
charge transferred during the anodic process is substantially greater than the amount
of charge transferred during the cathodic reaction. This implies that only a part of
the products which are formed during the electrochemical reaction corresponding to
peak A remain at the electrode surface, whereas a portion has redissolved or is elec-
trochemically no longer addressable.
The exact composition of the species formed here is presently unknown as the irre-
versible electrochemical dissolution of particles is generally a rather complex process.
The application of a potential difference to the electrode can initiate a variety of
different reaction pathways leading to chemical changes. For example, the oxidation
of the particles can lead to the formation of soluble products, whereas in other cases
insoluble as well as soluble species are generated. The reaction mechanism also de-
pends on the properties of the solid reactant, for example if it possesses sufficient
electronic conductivity or not.243
In the course of the development of abrasive stripping voltammetry (AbrSV), an
electroanalytical technique designed for the analysis of solid materials and which
involves a very similar problem, theoretical models for the description of the voltam-
metric response of such systems have been developed.244–249 Brainina and Vydrevich
have derived some basic expressions for the peak potentials and currents based on
Butler-Volmer kinetics. For the particular case of an irreversible anodic dissolution
electrode process the peak potential Ep is given by:244,245
Ep = E
0′ +
RT
αazF
[
ln
(
αazF
RT
d
kE
)
+ ln(v)
]
(3.2)
where E0′ is the formal potential of the reaction, R the gas constant, T the absolute
temperature, αa the transfer coefficient of the anodic reaction, z the number of
electrons transferred, F the Faraday constant, d the particle diameter, kE the rate
constant of the electrode process and v is the sweep rate.
As can be seen from equation 3.2, in addition to an increase in the sweep rate
an increase in the particle diameter can also lead to a shift in the peak potential
towards more positive values. This is in agreement with the observed trend for the
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position of A with respect to increasing particle diameters. As the rate constant is
in the denominator, a slower rate constant also means a shift towards more positive
potentials. If the reaction products are partially redissolved and diffusion into the
adjacent solution limits the reaction rate, the peak potential also depends on the
amount of electroactive material on the electrode.250,251
In the case of irreversible electrode processes the reaction kinetics play a key role
and thus, the peak potential is very sensitive to the experimental conditions. The
long chained surface ligands on the nanoparticle surface form an insulating layer
around each particle252,253 which may be the main reason for the sluggish reaction
kinetics observed during particle oxidation. The particles are generally applied to the
electrodes via drop casting of solutions in which they are contained, which usually
leads to inhomogeneous particle distributions on the electrode with films composed
of several multilayers of particles. This suggests that the particles only partially
undergo change during the electrochemical reactions because the upper layers of the
film are not electronically accessible due to the high Ohmic resistance of the organic
layers in between the particles. This assumption of an incomplete oxidation is also
supported by the XPS data presented by de la Cueva et al.242 The thickness of the
film also influences the diffusive mass transport and therefore has a consequence on
the reaction kinetics and the resulting peak positions.
3.2 Considerations about the expected voltammetric
response due to population of the 1Se state
Apart from the fact that the peak potential positions do not correlate with the op-
tically determined band gap the observed peak currents are also much higher than
expected. The results obtained from potential modulated absorption spectroscopy
clearly revealed that only the 1Se state becomes populated as the Fermi level is
shifted into the conduction band of the nanoparticles and therefore a maximum of
two electrons can be transferred per particle. Thus, the corresponding currents are
expected to be some orders of magnitude smaller than those observed in the cyclic
voltammograms. The response associated with the population of the 1Se state can
be approximated on the basis of the findings previously obtained by potential mod-
ulated absorption spectroscopy.
The electron transfer between the electrode and the deposited particles are quite
similar to that of an electrochemically reversible surface-attached redox couple and
90
3. Cyclic voltammetry
is therefore not associated with mass transport limitations. Hence the current re-
sponse in the cyclic voltammogram can be described in terms of a faradic pseudo-
capacitance.254–256 The corresponding charging current i(E) then results from the
product of the capacitance associated with the charging of the nanocrystals’ 1Se
states Cnc and the scan rate v:
i(E) = vCnc(E) (3.3)
The capacitance thereby depends on the amount of electronically addressable nano-
particles, the amount of charge which is injected per particle and the potential de-
pendent occupancy of the 1Se state.
For the 4.9 nm sample 5.4 × 1012 quantum dots were applied to the electrode via
drop casting. As already stated above, it is assumed that not all particles are ad-
dressed because of multilayer formation and the resistive ligand shell. The number
of addressable nanocrystals is therefore estimated by evaluation of the amount of
transferred charge associated with the oxidation of the particles qox by integration of
the anodic peak A:
qox =
1
v
∫
ip(E) dE (3.4)
The average charge determined from the cyclic voltammograms amounts to 104µC.
According to Faraday’s law and under the assumption that the oxidation takes place
according to the chemical equation stated above, this charge equals 0.54 nmol CdSe
or 1.6×1012 nanocrystals, which are 4.9 nm in diameter. That means that somewhat
more than a third of the initially applied CdSe nanoparticles are electrochemically
addressable.
The lowest conduction band level is the 1Se state and is therefore doubly degen-
erate with respect to its spin projection. Therefore a maximum of two electrons
can be injected into one quantum dot as the electrode’s Fermi level approaches the
state’s electrochemical potential. However, due to the small size of the nanopar-
ticles the charging energy associated with addition or removal of a single electron
may be significantly larger than kBT , leading to pronounced single-electron tunnel-
ing (SET) effects.240,257–260 Charging energies in the range between 100 to 150meV
have been revealed by scanning tunneling spectroscopy (STS) for single standing
InAs260 and CdSe261 quantum dots. Nevertheless the occurrence of such charging
significantly depends on the specific configuration of the tunnel barriers emerging
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at the electrode-particle interface.258,262,263 Although the situation pertaining to the
junctions observed in STS experiments and the electrochemical interfaces investi-
gated here appear to be quite similar at first glance, there are significant differences
between the two systems. For example the associated junction capacitances are or-
ders of magnitude larger for the electrochemical interface and as the charging energy
is inversely proportional to the corresponding capacitance the expected charging en-
ergies for that system should be smaller than kBT . The staggered injection of single
electrons with an energy difference larger than kBT is expected to have a significant
impact on the differential absorbance obtained within the EMAS spectra, for exam-
ple the observation of an additional step in the potential dependent signal intensities.
However, there is no indication for such an effect within the spectra. Therefore it is
assumed that the electron injection into the 1Se state of the nanocrystals is quanti-
tative, i.e. two electrons are transferred.
The potential dependent occupancy of the 1Se state has already been derived in the
previous chapter and results from the convolution of the Fermi-Dirac distribution
and the Gaussian shaped potential distribution of the 1Se state. The product of the
number of addressable nanocrystals Nnc, the number of transferred electrons z per
nanoparticle and the occupancy Γ(E) yields the amount of charge qnc associated with
the population of the 1Se state of the addressable nanoparticles:
qnc(E) = zNncΓ(E) (3.5)
As per definition, the related capacitance is calculated by the derivative of the charge
with respect to potential:
Cnc(E) =
dqnc
dE
(3.6)
Finally, combining the equations above yields the expected current response within
the cyclic voltammogram:
i(E) = vzNnc
dΓ(E)
dE
(3.7)
Equation 3.7 is evaluated numerically using the parameters determined above and
the result is shown in figure 3.5. Similar to redox moieties confined to an electrode’s
surface, the peak currents for the forward and the backward scan will both appear at
the mean potential for the 1Se state as the charge injection into the nanoparticles is
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Figure 3.5. Theoretical cyclic current-potential curve for the electron injection into the
1Se state according to equation 3.7 with v = 20mV s−1, z = 2 and Nnc= 1.6 × 1012
corresponding to a total charge of 526 nC. For the 1Se state a standard deviation of 40meV
is assumed. The resulting profile resembles a Gaussian curve and peak potentials, similar
to those typical for pseudo-capacitive processes. Please note that for clarity the background
currents are not taken into account.
not connected to any mass transfer limitations. Due to fast reversible electron trans-
fer a symmetric Gaussian-like curve shape is obtained as the occupancy of the particle
ensemble directly follows the Fermi-Dirac distribution. Employing the parameters
obtained from the CV measurements above a peak current of 72 nA is expected. Al-
though this current is readily measurable, it may not stand out sufficiently enough
with respect to the background currents, which are in the range of 150 nA if the
values obtained from the CV curves discussed above are considered, to be accurately
decoupled.
The signals obtained can therefore be easily interpreted as side reactions, i.e. caused
by impurities within the electrolyte or electrolyte decomposition, when the response
is near the potential limits of stability of the electrolyte. Moreover the theoretically
calculated value would only be expected under ideal conditions, neglecting effects
that hamper a fast electron transfer such as a resistive organic ligand shell. Sluggish
electron transfer kinetics are expected to induce significant distortions to the voltam-
metric response which are revealed as peak shifts towards the scan direction and a
substantial decrease of the peak currents.73,255 In turn this means that reliable signal
intensities can be obtained only if more nanoparticles are addressable, i.e. if more
layers are deposited or the electrode area is increased. Further it must be ensured
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that the electron transfer throughout the whole layer proceeds without significant
kinetic limitations. Indeed Guyot-Sionnest and Wang could achieve such conditions
for cross-linked films of CdSe particles of appropriate thickness.146 The CV curve pre-
sented in this work closely matches the expected response predicted by equation 3.7.
However, despite the signal being more clearly resolved the profile is still corrupted
by the current response due to side reactions. Therefore an unambiguous identifica-
tion of band population effects that progress singly using cyclic voltammetry would
appear to be quite difficult.
3.3 Conclusions
In conclusion, the experiments outlined in this chapter reveal that the anodic and
cathodic peaks observed in the cyclic voltammograms cannot be assigned to the
absolute band edge positions of the particles as the size dependent peak positions
and their potential differences do not show any evidence for a correlation when one
takes into account the optically measured shifts due to the presence of the quantum
size effect. Rather the voltammetric responses reflect the expected solid state elec-
trochemical characteristics of bulk CdSe. However, in light of the arguments listed
above, an interpretation of peak positions and heights is quite complex if based on
CV experiments alone. When used in combination with chronoamperometric and
chronocoulometric techniques it may be possible to determine the kinetic parameters
of the underlying electrochemical reactions if defined and homogeneous films can be
provided.246,248,264
Theoretical considerations concerning the response observed in a CV profile due to
band filling of semiconductor nanoparticles confined to an electrode revealed that the
expected current responses are quite similar to that of a pseudo-capacitance. How-
ever, pronounced signals are only obtained if appropriate amounts of the nanopar-
ticles are deposited, which in turn must be electronically addressable without ham-
pering the charge transfer.
A clear assignment of the peaks obtained in a cyclic voltammogram to that of the
electronic band edges without applying some confirming complementary technique
seems until now to be questionable.
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Final conclusions
The ability to tune the electronic band gap of semiconductor nanoparticles or “quan-
tum dots” by controlling their size simply by variation of the synthetic conditions
has opened many possibilities for applications across a wide range of fields. Many
of these applications, such as solar cells, catalysis, sensing and light emitting diodes
involve charge transfer processes between the nanoparticles and an adjacent phase.
In order to make that charge transfer as efficient as possible, knowledge pertaining
to the absolute energy positions of the electronic levels of such nanoparticulate ma-
terials is of primary relevance. The determination of these values and the important
parameters that influence them was therefore the central issue of the present work.
An electrochemical approach was chosen so that the data obtained could be referred
to an absolute energy scale.
To achieve reliable measurements a new strategy was developed so that dense and
homogeneous monolayers of semiconductor particles could be deposited onto trans-
parent electrodes. The films were obtained by exchanging the original bulky ligand
shell of the nanocrystals with a reactive alkoxysilane species and subsequent immer-
sion of the substrate into a solution of the modified nanocrystals. SEM and electro-
chemical investigations have shown a much higher coverage efficiency in comparison
with other methods presently established in the literature, which are based on the ap-
proach of prefunctionalizing of the substrates prior to coating. Fractional coverages
of 80% were obtained within 24 h while avoiding the time consuming and compli-
cated step of functionalizing the substrates before deposition. The methodology has
so far proven itself to be of general applicability as in addition to the coating of
transparent electrodes, various nanoparticulate materials (semiconductor, core/shell
semiconductor and metals) can be deposited onto different oxidic substrates such as
SiO2, ZnO and TiO2. Further the deposition of PbS nanocrystals into the voids of
an artificial opal composed of silica spheres with the intention of altering its optical
properties was demonstrated.
Films of CdSe nanoparticles were characterized by means of potential modulated ab-
sorption spectroscopy (EMAS). Employing this special spectroelectrochemical tech-
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nique, bleach signatures in the absorption spectra of the quantum dots induced by
electron injection into their respective conduction band states were investigated. The
features observed in the spectra and the evaluation of the potential dependence of the
signal intensity revealed that only the lowest conduction band state, namely the 1Se
state, is populated. The occupancy follows a quasi Fermi-Dirac distribution whose
distributional width, in addition to the temperature, also depends on the size distri-
bution of the particle ensemble investigated. On that basis a model was developed to
extract the electrochemical potentials of the respective populated lowest conduction
band states.
For CdSe quantum dots the four energetically lowest excitonic transitions were found
to become bleached as the 1Se state is populated, indicating that these transitions
promote electrons from different states in the valence band to the same conduction
band state. These findings are in excellent agreement with results obtained from
ultra fast optical pump probe experiments, which are methods that usually demand
much more experimental efforts than the technique presented in these studies. The
determination of the potential of the 1Se state versus a known reference potential
allows one to map the top valence band states with respect to an absolute energy
scale. This provides the opportunity to compare the energy positions obtained for
different samples. Determination of the electrochemical band edge potential clearly
features a size dependent shift of the conduction band edge and the valence band
edge for both CdSe and CdS quantum dots, which is in excellent agreement with the
expected behavior due to the quantum confinement effect.
Investigations in different electrolytes have shown that the immediate environment
has a major impact on the electrochemical potentials of the energy levels of the
nanoparticles. This observation is particularly important from a technological point
of view, as in many applications the semiconductor material is in direct contact with
an electrolyte as for example in quantum dot sensitized solar cells, electrochemi-
cal sensors and catalysis. In contrast to other “purely physical” methods such as
photoelectron spectroscopy or scanning tunneling spectroscopy, potential-modulated
absorption spectroscopy provides the ability to probe the materials under their most
likely “working” conditions where such environmental influences can be directly taken
into account. Addressing this issue is not only of technological relevance, but also
has distinct implications for academic research. In many textbooks the band edge
positions of the technologically relevant bulk semiconductor materials are tabulated
with respect to the vacuum.265,266 These diagrams sometimes give rise to the im-
pression that the electronic structures are static with respect to the absolute energy
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scale. Although it is known from semiconductor electrochemistry that the immedi-
ate environment adjacent to a phase boundary has a major impact on the energetic
positions of the electronic bands nearby the interface, this conception appears to be
incognizant to many researchers from fields not directly connected with semiconduc-
tor electrochemistry.
Further, it has been shown that potential modulated absorption spectroscopy can be
applied to bulk semiconductor electrodes, as long as they are thin enough to allow
adequate amounts of light to pass through. The features observed in the EMAS
spectra of these samples clearly differ from those obtained for nanoparticle films, as
in such materials a continuum of states is progressively filled rather than a single
state. Despite the observed effects associated with band-population, changes in the
absorption of the film are also obtained, when modulation within the potential range
of the band gap is applied. The observed response is attributed to the Franz-Keldysh
effect which results from the modulation of the electric field across the space charge
layer. The resolution and sensitivity that one can obtain with this comparatively
simple and cost-effective setup is quite remarkable. As has been demonstrated it was
possible to achieve clearly resolved bleach spectra of submonolayers of quantum dots
attached to FTO with optical densities below 10−3. Further the reproducibility of
the method allows a very precise determination of the respective electronic states of
the investigated samples.
Recently it has been reported that cyclic voltammetry can be used to study the size
dependent positions of the electronic levels of quantum dots. The intention of the
last chapter was to reproduce this work for the nanoparticles investigated within this
thesis in order to compare the results with those obtained by EMAS. However, the
experiments undertaken here reveal that the anodic and cathodic peaks observed
in the cyclic voltammograms cannot automatically be assigned to the absolute band
edge positions of the particles as the size dependent peak positions and their potential
differences do not show any evidence for a correlation with respect to the quantum
size effect. Rather the voltammetric responses reflect the solid state electrochemical
characteristics of CdSe.
Theoretical considerations concerning the response expected in a CV due to band
filling of semiconductor nanoparticles confined to an electrode surface revealed that
the expected currents are quite similar to that of a pseudo-capacitance. However,
pronounced signals are only obtained if appropriate amounts of deposited nanopar-
ticles are present which are electronically addressable without hampering the charge
transfer. Hence a clear assignment of the peaks obtained in a cyclic voltammogram
97
Final conclusions
to the electronic band edges without employing a complementary technique to con-
firm ones findings therefore seems to be at best questionable.
Nevertheless, the spectroelectrochemical technique presented herein still provides a
long list of further experiments which can now be done. Amongst these are investi-
gations of all kinds of nanoparticulate materials as well as studies which address the
impact of the surrounding phase on the electronic properties of the quantum dots.
Further, the concepts employed within the methodology may be transferred to a wide
range of applications from sensors to quantum-dot lasers.
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A.1 Materials
Chemical Purity Acronym Supplier
acetonitrile anhydr. ACN Merck
ammonia solution 28 - 30% NH3 Sigma-Aldrich
bis(trimethylsilyl) sulfide pur. (TMSi)2S Fluka
cadmium oxide 99.9% CdO Sigma-Aldrich
dichloromethane anhydr. DCM Sigma-Aldrich
dimethyl formamide anhydr. DMF Sigma-Aldrich
diphenylether 99% DPE Fluka
dimethylsulfoxide anhydr. DMSO Sigma-Aldrich
ethanol p.A. ETOH Merck
ethylenediaminetetraacetic
acid disodium salt dihydrate
p.A. EDTA VEB Labor-
chemie Apolda
hexadecylamine 99% HDA Fluka
hexanedithiol 97% HDT Fluka
lead acetate trihydrate 99.999% PbAc Sigma-Aldrich
3-mercaptopropionic acid 99% MPA Fluka
3-(mercaptopropyl)-
trimethoxysilane
99% MPTMS Fluka
methanol anhydr. MeOH Merck
1-octadecene techn. ODE Sigma-Aldrich
oleic acid 90% OA Sigma-Aldrich
selenium (powder) 99.99% Se ChemPur
silver nitrate 99.999% AgNO3 Sigma-Aldrich
sodium acetate p.A. Na2Ac Grüssing
sodium sulfite 99% Na2SO3 Grüssing
sulfur 99.99% S Sigma-Aldrich
sulfuric acid p.A. H2SO4 Merck
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Chemical Purity Acronym Supplier
tetrabutylammonium
hexafluorophosphate
98% TBAPF ABCR
tetrachloroethylene anhydr. TCE Sigma-Aldrich
tetraethylorthosilicate 99% TEOS Sigma-Aldrich
thioacetamide 99% TA Sigma-Aldrich
titanium isopropoxide 97% TTIP Sigma-Aldrich
toluene anhydr. Sigma-Aldrich
trioctylphosphine 90% TOP Fluka
trioctylphosphine oxide 99% TOPO Sigma-Aldrich
zinc acetate dihydrate pur. ZnAc AppliChem
All chemicals were used without further purification, except for the trioctylphos-
phine, which was distilled before use. ITO coated glass (15 Ω −1) was supplied by
Luminescence Technology Corporation,Taiwan and was cut into 50× 25mm pieces.
FTO coated glass (15 Ω −1) was supplied by Solaronix, Switzerland. Microscope
slides used as glass substrates were obtained from VWR. Deionized water (Milli-Q®,
18.2MΩ cm) was used throughout all related experiments.
A.2 Syntheses
A.2.1 CdSe nanocrystals
The synthesis procedure was adapted from the literature and subsequently modi-
fied.267 A solution of 1M selenium in TOP (TOP-Se) was prepared by dissolving
1.562 g Se (20mmol) in 10mL TOP by heating to 100 °C for 30min in a glove box.
51.4mg CdO (0.4mmol), 10mL ODE and 630 µL OA (2mmol) were filled into a
25mL three-necked flask and heated to 100 °C under vacuum while vigorously stir-
ring for 60min. Afterwards the solution temperature was increased to 300 °C under
argon atmosphere until the mixture turned colorless. After cooling the solution to
100 °C 2g TOPO (5.2mmol) as well as 2 g HDA (8.3mmol) were added and the
flask was evacuated for another 60min. The mixture was then heated to 270 °C
under argon atmosphere. Meanwhile the injection solution consisting of 2mL ODE
∗Parts of the appendices have already been published: Poppe, J.; Gabriel, S.; Liebscher, L.; Hickey,
S. G.; Eychmüller, A. J. Mater. Chem. C 2013, 1, 1515–1524 - Reproduced by permission of
The Royal Society of Chemistry
100
A. Experimental procedures
(6mmol), 1.6 mLTOP (3.6mmol) and 0.4mL TOP-Se (0.4mmol) was prepared in
a 20mL glass syringe inside a glove box. This mixture was rapidly injected into the
Cd precursor solution at 270 °C and the temperature was decreased to 240 °C during
the nanoparticle growth. As the desired particle size was reached, the reaction was
interrupted by quenching the flask in a bath of cold water and simultaneously adding
6mL of toluene. After the solution had cooled down, the NCs were precipitated by
addition of an excess of acetone and methanol (ratio ≈ 5:1) and subsequent centrifu-
gation. The NCs were redispersed in toluene and the precipitation step was repeated.
Finally the CdSe particles were redisolved in 4mL of toluene.
A.2.2 CdS nanocrystals
CdS nanocrystals were synthesized according to a modified approach reported by Yu
and Peng.268 51.4mg CdO (0.4mmol) was dissolved in 13.74 g OA (48.7mmol) and
2.26 g ODE by heating on a hot-plate within a glovebox. Another solution containing
32mg sulfur (1mmol) in 10mL ODE was prepared in the same manner. 4 g of this
Cd precursor solution was filled into a 25mL three-necked flask and heated to 100 °C
under vacuum for 30min. The mixture was then heated up to 280 °C under argon
atmosphere. Subsequently after reaching the desired temperature, 0.5mL of the S
precurser was swiftly injected. The temperature dropped to 260 °C and the heating
was continued for up to 10min at this temperature. As the desired particle size was
reached, the solution was quickly cooled down to room temperature.
Larger particle sizes were synthesized by seeded growth. The reaction mixture was
cooled to 220 °C and a mixture of both precursors (ratio as mentioned above) were
added dropwise. Aliquots were taken from time to time to monitor the growth
progress. The procedure was continued until the desired particle size was reached.
Subsequently, the solution was cooled down to room temperature and acetone was
added to precipitate the nanocrystals, which were then repeatedly washed with
methanol and acetone to remove excess OA.
A.2.3 PbS nanocrystals
PbS nanocrystals were synthesized according to a modified approach reported by
Nagel et al.269 Typically, lead acetate trihydrate (2mmol), 1.5mL of OA (4.4mmol),
2mL of DPE (12.6mmol) and 8mL of TOP (17.9mmol) were heated in a 50mL
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three-neck flask under vacuum for 1 h at 80 °C to form a clear and colorless solu-
tion. The temperature was then raised to 140 °C under nitrogen and a mixture of
0.1mL of thioacetamide (0.67mmol) dissolved in DMF (0.5 g ml−1 TA), 0.1mL of
bis(trimethylsilyl)sulfide (0.53mmol), and 6mL of TOP (13.4mmol) was swiftly in-
jected. The color changed instantaneously to black and after a growth time of 10min
the solution was cooled to room temperature. To remove excess ligands and unre-
acted precursors the particles were precipitated and centrifuged (3500 g, 5min) twice
by the addition of butanol and were finally redissolved in dry toluene.
A.2.4 (CdSe)CdS core-shell nanocrystals
Core-shell particles were prepared using the SILAR technique (successive ion layer
adsorption and reaction) according to the procedure of Xie et al. (TMS)2S was used
as the sulfur precursor in place of elemental sulfur.270
A.2.5 Au nanocrystals
Au nanoparticles were synthesized according to a procedure reported by Peng et
al.271
A.2.6 SiO2 spheres and colloidal crystals
Monodisperse silica spheres were prepared by hydrolyzing TEOS in ethanol in the
presence of water and ammonia using a modified procedure originally described by
Stöber et al.272 In a typical synthesis 67mL of water was mixed with 34mL absolute
ethanol and 24mL ammonia (28–30%) in a 500mL Erlenmeyer flask and stirred at
a rotation speed of 300 rpm. To this mixture 11mL of TEOS dissolved in 114mL
absolute ethanol was added swiftly and the mixture stirred for 3 h at room temper-
ature. During this initial stage the spheres grew to a diameter of 420 ± 30 nm as
determined by dynamic light scattering (DLS).
For a further growth of the spheres, a further 22mL of TEOS were added to the
mixture using a syringe pump at a flow rate of 3mL h−1 and stirred over night at
room temperature. Afterwards the SiO2 spheres were separated by centrifugation
(3500 g for 10min), washed twice with deionized water and then twice more with
ethanol. Finally the spheres were redispersed in 20mL of absolute ethanol.
The particle mean diameter was 610±25 nm as determined by DLS and 565±18 nm
as determined using TEM imaging. DLS reports the hydrodynamic diameter, which
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leads to an overestimation of the real diameter, whereas the silica particles tend to
shrink when exposed to the high vacuum and the electron beam inside the TEM.273
Hence the true value lies somewhere between both these values. The mass frac-
tion, as determined gravimetrically by drying 500mL of the dispersion, was found to
be 53%.
Colloidal crystals were formed on microscope slides using the vertical deposition
method as described in the literature.274 The microscope slides were cut into four
smaller pieces and cleaned as mentioned below. The substrates were subsequently
placed into 7mL of a silica sol (diluted with absolute ethanol to a mass fraction of
0.75%) in a 10mL glass vial. To effect controlled solvent evaporation the vial was
placed into an oven heated to 60 °C for 24 h. This deposition step was repeated five
times to increase the sample thickness.
A.3 Deposition procedures
Glass, ITO or FTO substrates were cleaned by wiping with isopropanol and soni-
cation in alkaline detergent (Extran® MA 01, Merck, ten times diluted) for 15min,
followed by sonication in deionized water for an additional 5min to remove any adher-
ent detergent. The clean substrates were then dried carefully in a stream of nitrogen.
Due to the basic pH of the detergent solution a hydrophilic surface is obtained.
A.3.1 Particles functionalized with MPTMS
or a typical ligand exchange, 10µL MPTMS were added to 200 µL of the PbS sol
(3.5µM with respect to PbS nanoparticles as determined from the absorption at
400 nm)66 in a micro test tube. The tube was shaken for a few seconds and the
particles then precipitated by the addition of 500 µL of n-hexane and separated by
centrifugation. Excess ligands were removed by washing with a second 500 µL volume
of n-hexane and finally the particles were redispersed in 8mL of dry dichloromethane.
Subsequently a clean substrate was placed into the resulting solution and shaken for
24 h. Excess particles were removed by rinsing with toluene.
CdSe and CdS-CdSe core-shell particles underwent the same procedure with the ex-
ception of being precipitated and washed by the addition of 1mL DMSO instead of
n-hexane. Residual DMSO was removed by vacuum evaporation at room temper-
ature for a couple of minutes. The particles were then redispersed in 8mL of dry
dichloromethane and a clean substrate was placed into the resulting solution and
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shaken for 24 h. Excess particles were removed by rinsing with toluene.
A.3.2 Substrates functionalized with MPTMS56
MPTMS was initially deposited onto the glass substrates before they were immersed
into the nanocrystal solution. To achieve this the clean substrates were immersed in
8mL of a solution of 10% MPTMS in dry MeOH for 24 h. The substrates were then
rinsed thoroughly with methanol, placed into 8 mL of dry toluene and 200µL PbS
sol (3.5µM with respect to PbS nanoparticles as determined from the absorption at
400 nm)66 were added. The flask was shaken for 24 h and finally the substrates were
rinsed with toluene to remove excess nanoparticles.
A.3.3 Substrates functionalized with MPA53
MPA was first deposited onto the surface of the ITO substrates before immersion in
the PbS NC solution. Following the cleaning, the substrates were placed into 8mL
of a solution of 1M MPA and 0.1M sulfuric acid in acetonitrile and shaken for 24 h.
The PbS NCs were then deposited as described above.
A.3.4 Preparation of nanoparticle coated electrodes for
EMAS experiments
Monolayers of CdSe nanoparticles on FTO electrodes were prepared by an optimized
version of procedure A.3.2. Substitution of MeOH by toluene and mild heating lead
to a significant improvement of the prefunctionalization with regard to particle cov-
erage, linker consumption and time exposure.
The clean FTO substrates were placed in 8mL of a solution of 1% MPTMS in dry
toluene and immersed for 90min at 50 °C (hot water bath). After the functionaliza-
tion was complete, the substrates were rinsed with toluene and placed into 8 mL of a
2 µM solution of the appropriate CdSe NCs in toluene for at least 12 h at room tem-
perature. Finally the electrodes were rinsed with toluene to remove excess particles.
Multilayers were prepared subsequently by placing the covered electrodes for 15min
in 8mL of a 0.5% solution of HDT in toluene at 30 °C (water bath). Then the sub-
strate is rinsed once more and placed back into the nanoparticle solution for 15min
at 30 °C. The last two steps are repeated another three times to deposit five layers
of CdSe nanocrystals in total.165
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A.3.5 Electrochemical deposition of bulk ZnO
Electrochemical deposition of ZnO films was conducted in a conventional thermo-
jacketed three-electrode electrochemical cell.90 A clean FTO substrate was used as
working electrodes, a zinc sheet was employed as counter electrode and a standard
calomel electrode (SCE) as reference electrode. The electrolyte contained 2mM zinc
acetate dihydrate and 0.1M sodium acetate to reduce the solution resistance. The
electrodeposition was carried out potentiostatically at −1.0V versus SCE at 70 °C
for 1 h. After deposition the films were rinsed thoroughly with deioized water and
finally dried in air. The deposition of PbS nanocrystals was carried out as described
in section A.3.1.
A.3.6 Hydrothermal deposition of TiO2 nanorods
Films of TiO2 nanorod films were synthesized using a modified protocol published by
Liu and coworkers.91 In a 150mL-Erlenmeyer flask 500µL of titanium isopropoxide
(TTIP) were added slowly to a stirred solution of 15mL concentrated hydrochloric
acid (37% by weight) in 15mL deionized water. This mixture was stirred for another
5min and then a clean FTO substrate is placed into the solution. After 24 h of
refluxing a thin white film of TiO2 has formed on the conductive site of the FTO
substrate. The deposition of PbS nanocrystals was carried out as described in section
A.3.1.
A.3.7 Electrochemical deposition of bulk CdSe
Thin films of bulk CdSe were prepared in accordance with the procedure reported by
Kazacos et al.195 Briefly, the films were electro-deposited on FTO substrates from an
electrolyte consisting of 5mM selenium, 0.1M Na2SO3, 0.2M CdSO4, 0.205M EDTA
in 1M NH3/NH
+
4 buffer. The FTO working electrode was mounted vertically into a
standard electrochemical cell. A platinum flag and a SCE were employed as counter
and reference electrode, respectively. After the electrolyte had been deaerated with
N2 for 20min, the deposition was carried out under potentiostatic control at −1.0V
vs. SCE for 30min at 25 °C under moderate stirring. The coated substrates were then
removed from the cell, rinsed with water and placed in a tubular oven. The annealing
was carried out by heating the films to 450 °C under N2 atmosphere (heating and
cooling rate employed was 5K min−1).
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A.4 Instrumental characterization
A.4.1 Optical Spectroscopy
With exception of the PbS nanoparticles, absorption spectra of all colloidal solutions
were recorded using a Varian Cary 50 absorption spectrometer. For recording the
spectra of the PbS nanoparticle solutions a Varian Cary 5000 absorption spectrome-
ter was employed. The photoluminescence spectra were measured on a Horiba Yobin
Yvon FluoroMax-4 Spectrofluorometer. For spectra recorded in the visible spectral
range, toluene was used as solvent, while for the NIR wavelengths, tetrachloroethy-
lene was employed. For nanocrystals stabilized with MPTMS, spectra were recorded
in DCM. Crystal diameters and concentrations were calculated from the absorption
spectra using the empirical expressions reported for CdS,275 CdSe276 and PbS.66
Transmission spectra of the opals were recorded in standard transmission geome-
try using a Varian Cary 5000 absorption spectrometer. Absorption spectra of the
nanocrystal films on glass and FTO were measured using a Varian Cary 5000 ab-
sorption spectrometer, equipped with a DRA 2500 integrating sphere. The use of
an integrating sphere was necessary to reduce interference effects caused by the thin
layers of deposited material. The samples were mounted in the center position of
the sphere and inclined at an angle of approximately 15° with respect to the incident
beam normal so that the spatially reflected beam impinged on the inner surface of
the sphere.
A.4.2 IR Spectroscopy
Infrared (IR) spectra were acquired on a Thermo Scientific Nicolet 8700 FTIR spec-
trometer equipped with a Smart iTR diamond plate ATR accessory. To remove
any excess ligands and nonvolatile compounds from the synthesis, a small amount
of the particle solutions were cleaned by employing consecutive precipitation and
redispersion three times. The samples were then prepared by drop casting 0.5 µL of
nanocrystal solution directly onto the ATR plate and allowing the solvent to evapo-
rate. This step was repeated from three to five times to obtain a suitable transmission
signal of at least 50% for the strongest band. To ensure that no residual organic mat-
ter interfered with the sample signal, aliquots of the supernatant of the last washing
step were prepared and measured in the same way as the samples containing the
nanocrystals. The largest responses (usually the CH stretching mode) obtained from
residuals were below 0.5%
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A.4.3 Electron microscopy
Transmission electron microscopy (TEM) images were obtained on a Phillips EM-
208S transmission electron microscope at an acceleration voltage of 100 kV. Samples
were prepared by applying 10 µL of a dilute solution of nanocrystals onto a Formvar
coated copper grid and allowing the solvent to evaporate. Scanning electron mi-
croscopy (SEM) images of the coated ITO slides were taken using a Zeiss SUPRA 40
VP Gemini, while SEM images of the opals as well as EDX spectra were acquired on
a Zeiss DSM 982 Gemini equipped with a field emission gun.
A.4.4 X-ray diffraction
X-ray (XRD) diffraction patterns were recorded employing a Bruker D2 PHASER
using a CuKα source (λ = 1.7903Å) and a LYNXEYE™ detector in Bragg-Bretano
geometry. The samples were prepared by dropcasting and drying a concentrated
nanoparticle solution onto a single crystal silicon carrier.
A.4.5 Electrochemical impedance spectroscopy
Capacitance - voltage measurements were carried out in standard three electrode
mode using a Metrohm Autolab PGSTAT 128N electrochemical workstation. The
coated FTO substrate was employed as the working electrode, a platinum foil as the
counter electrode and a Ag/AgCl electrode (Ag |AgCl |NaCl (3M)) as reference. The
active area of the working electrode was 0.196 cm2 and a 0.5M solution of Na2SO3
was employed as electrolyte. The impedance was measured between 0 and -1.3V
versus the reference by application of an ac amplitude of 10mV at 1, 5 and 10 kHz
in 50mV increments, with 10min allowed for equilibration at each new potential.
Assuming a simple RC series combination as equivalent circuit, the capacitance was
calculated by
C =
1
2πfZj
(A.1)
where f is the applied frequency and Zj is the imaginary part of the impedance.
A.4.6 Cyclic Voltammetry
The cyclic voltammetry experiments presented in chapter 1 were carried out in three
electrode mode with the coated ITO substrates as the working electrode, a platinum
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foil as counter electrode and an Ag/AgCl electrode as reference. The active area of
the working electrode was 0.196 cm2 and a 0.1M solution of NaCl was employed as
electrolyte.
The cyclic voltammetry experiments presented in chapter 3 were performed under
argon atmosphere in a five-necked electrochemical cell using a conventional three-
electrode setup and a Metrohm Autolab PGSTAT 302N electrochemical worksta-
tion. A commercial glassy carbon disk (CH Instruments, 3mm diameter) and a
platinum wire were employed as the working electrode and counter electrode, respec-
tively. A home-built double junction Ag/Ag+ electrode (Ag | 0.01M AgNO3, 0.1M
TBAPF ¦ 0.1M TBAPF) was used as reference, which was calibrated daily against
the Ferrocene/Ferrocenium (Fc/Fc+) redox couple, yielding a reference potential of
0.557± 0.01V versus the standard hydrogen electrode. This value is in good agree-
ment with the literature value of 0.54V versus the standard hydrogen electrode.277
Over the time range of the experiments the electrode potential was stable to within
10mV. Prior to each experiment the glassy carbon electrodes were polished using
0.3µm alumina paste (Buehler), rinsed and sonicated for a few seconds in water.
The electrodes were then cycled between 1.5 and −0.4V vs. SCE in 0.5M H2SO4
(10 cycles, 1V s−1). After this potential cycling the electrodes are rinsed again with
water and dried in a stream of nitrogen. The CdSe nanoparticles were then deposited
onto the glassy carbon by drop casting 3 µL of the nanocrystals dispersed in toluene.
To maintain the current in a comparable range, the CdSe nanocrystal concentration
was adjusted to 10µM for samples a - d (2.4 nm - 3.8 nm), 3 µM for sample e (4.9 nm)
and 1 µM for sample f (5.9 nm). After the dispersions had dried, the electrodes were
immediately introduced into the cell, which then was flushed with argon to remove
any oxygen. 2ml of 0.1M TBAPF in acetonitrile (mixed inside a glovebox) were
transferred to the cell via a syringe and the electrolyte was purged for at least 15min
with argon. In order to prevent the electrolyte from evaporation the argon stream was
saturated with acetonitrile by leading it through a test tube filled with acetonitrile.
A.4.7 Estimation of the real surface area of bare ITO
Cyclic voltammetry was carried out in a standard three-electrode electro-
chemical cell using a clean ITO substrate as working electrode (exposed area 4 cm−2),
a platinum sheet as counter electrode and a Ag/AgCl as reference electrode. A 1M
KOH solution was employed as electrolyte. All measurements were performed us-
ing a Reference 600 Potentiostat (Gamry Instruments) in surface mode to recover
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the capacitive currents, which are usually damped in a simple staircase voltamme-
try experiment. The roughness factor was calculated using a specific capacitance
of 8 µF cm−2.278 The charging current densities have been measured by averaging
the anodic and cathodic current densities at the midpoint of the CVs shown in fig-
ure A.1 a) at 0V for several scan rates. Figure A.1 b) shows the linear relationship
between the current density and the scan rate, confirming the absence of faradic pro-
cesses during the scans. The value of the specific double layer capacitance obtained
from the slope is 11.4 µF cm−1, resulting in a roughness factor of 1.42 for bare ITO.
Atomic force microscopy measurements were carried out on a Digital Instru-
ments Dimension 3100 in tapping mode using a standard silicon probe (tip diameter:
10 nm). An area of 1× 1µm was scanned using a resolution of 1024 lines and is shown
in figure A.1 c). A real surface area of 1.20 µm2 was determined using the software
“gwyddion”. The resulting roughness factor is 1.2.
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Figure A.1. a) Cyclic voltammograms of bare ITO in 1M KOH at increasing scan rate
ranging from 10mV s−1 to 250mV s−1. b) Relationship of the current density and the scan
rate at 0 mV vs Ag/AgCl. c) 3-D view of a bare ITO surface obtained by AFM.
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B Detailed description of the EMAS setup
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Figure B.1. Block diagram of the EMAS setup. All connections, the labels of the inputs
and outputs, as well as the signal directions are indicated.
The setup for the potential modulated absorption spectroscopy was adapted from
a work presented by Hickey and Riley and modified.57 A block diagram of the ap-
paratus is shown in figure B.1. The light from a Xenon arc lamp (Ushio, 75W)
was monochromated by a 250mm Czerny-Turner monochromator (Optical Build-
ing Blocks Corporation, 4 nm spectral bandwidth) and focused onto the working
electrode (FTO with attached nanoparticles) mounted in an electrochemical trans-
mission cell which subsequently impinged onto a silicon photodiode (FDS-100, Thor-
labs). Both, transmission cell and photodiode are mounted onto an optical rail,
placed within a Faraday cage to reduce noise pickup caused by the power lines and
external light sources. The opto-mechanic components (rail, carriers, lens holders,
etc.) as well as the lenses (optical glass, NBK-7) were supplied by LINOS and Thor-
labs. The photodiode is driven by a transimpedance preamplifier (PA-7-70, EG&G,
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transimpedance gain 1MΩ, bandwidth 14 kHz) in quasi-short circuit mode. A 0.5M
solution of Na2SO3 was used as electrolyte. A platinum sheet and a homemade
Ag/AgCl electrode (Ag |AgCl | 3M NaCl, Eref = 0.209V versus SHE) were employed
as counter and reference electrode, respectively. To avoid instabilities of the po-
tentiostat at high degrees of iR-compensation the reference electrode is capacitively
coupled (220 nF) to a platinum wire pseudo-reference.279 The working electrode was
maintained at a dc potential of−0.7 V versus Ag/AgCl using a potentiostat (Autolab
PGSTAT 302N, Metrohm). To enhance the response time of the cell the electrolyte
resistance is compensated to the greatest extent by positive feedback (≈ 80 Ω for the
electrolyte employed). A squarewave modulation with a frequency of 67Hz and a
peak-to-peak amplitude which was varied from 0.1V to 0.7V was superimposed onto
the dc potential by use of a signal generator (33210A, Agilent Technologies). The
modulation was applied such that the high state is always kept at the dc potential
(−0.7V versus Ag/AgCl) whereas the low state is varied in 50mV steps between
−0.8 and −1.4V versus Ag/AgCl. For each step a spectrum is recorded between 800
and 350 nm. The preamplified signal from the photodiode is split and fed into three
channels of a Lock-in amplifier (model 7865, Signal Recovery). The ac component is
recorded at channel A, whereas the dc component is collected at the ADC ports 1
and 3, respectively. ADC 1 is a conventional A/D converter recording the dc voltage.
To increase accuracy and resolution the signal is additionally sampled by the inte-
grating A/D converter ADC 3. Finally the change in absorbance is calculated from
these three signals by means of an Octave script (see appendix C.2). The typical
settings of the Lock-in amplifier and the potentiostat are summarized in table B.1.
Detailed photographic images of the components the apparatus consists of are shown
in figures B.2 a) and b).
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Table B.1 Device settings for a typical EMAS experiment.
Parameter Setting
Lock-in amplifier
Input device FET
Sensitivity 5mV
Input coupling AC
Input shield Ground
Operation mode Signal recovery
Phase −180°
Filter slope −24 dB/oct
Time constant 200ms
ADC 3 integration time 200ms
Time per step 1 s
Potentiostat
Current range 10mA
Bandwidth High speed
iR-compensation On, ≈ 80 Ω
Figure B.2. Photographic images of the EMAS setup. a) Exterior view showing the
Faraday cage as well as the individual components of which the apparatus consists of. b)
Interior view of the Faraday cage showing the optical rail with the collimating and focussing
lens system, the transission cell and the photodiode employed as detector.
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C Octave scripts
The scripts used within this work are written in GNU Octave (version 3.6.4) and
should be directly compatible to Matlab without further modifications. However,
as the command "quad" invokes a different integration algorithm in Matlab, the
execution of the scripts C.1 and C.3.1 may lead to unsatisfying results. Choosing
another algorithm or adapting the limits of integration may help.
C.1 Electron density in degenerate semiconductors
% physical constants
me0 = 9.109e-31; % electron mass
h = 6.626e-34; % Planck constant
k = 1.38e-23; % Boltzmann constant
q = 1.602e-19; % elementary charge
T = 293.15; % absolute temperature
% arguments
eta=-10:0.1:25; % Fermi energy in units of kT (w.r. to CB edge)
E=eta*1e3*k*T/q; % energy in meV
% numerical integration of the Fermi-Dirac intergral of order 1/2
for l=1:length(eta)
f = @(x) 2/sqrt(pi)*(sqrt(x)./(1+exp(x-eta(l))));
integr(l)=quad(f, 0, inf);
end
output(:,1)=E; % generate output matrix
% calculate CB electron densities of InSb, CdSe, CdS, ZnO
% and append to output matrix
for me = [0.012,0.13,0.25,0.29] % effective electron masses
D_c=2*(2*pi*me*me0*k*T)^(3/2)*h^(-3); % effective DOS in CB
n_c=D_c*integr; % electron density
output(:,end+1)=1e-6*n_c;
end
% write csv-file
fid = fopen("CB_pop_num.csv", ’w’);
fprintf(fid, "E-E_F,InSb,CdSe,CdS,\n")
fprintf(fid, "meV,cm^-3,cm^-3,cm^-3\n")
fclose(fid);
csvwrite("CB_pop_num.csv",output,"-append");
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C.2 Processing of the EMAS raw data
% processing of a complete set of EMAS spectra
% script includes:
% wavelength calibration
% phase is evaluated to determine wether signal is bleach or ind. absorption
% spectra are normalized by lamp intensity to get a delta transmission/absorbance
% output is merged into single output files
clear
format short e
% file input (default csv-files generated by the Aquire software driving the lock-in amplifier)
directory=["/path/to/input/"];
directory2=[directory "mod/"];
mkdir(directory2);
fileformat=["*.csv"];
fulldir=[directory, fileformat];
% data processing loop:
files = {dir(fulldir).name};
merged_dT=[]; % generate output matrices
merged_dE=[];
for n = 1:numel(files)
dataname=char(files(n));
dataname=[directory dataname];
raw=csvread(dataname);
raw(1,:) = []; % delete useless rows (contains header)
raw(:,[2:5, 10:14])=[]; % delete useless columns
% assign columns
idx=raw(:,1)+1; % row Index
AC_pp=pi/sqrt(2)*raw(:,2); % calculate peak-to-peak amplitude of ac-component [V]
Phase=raw(:,3); % phase of ac component with respect to frequency reference [°]
ADC1=-1*raw(:,4); % invert ADC1 signal (transimpedance amp inverts signal) [V]
ADC3=-1*raw(:,5); % invert ADC3 signal (integrated DC signal) [counts]
% smooth DC signal
K_dc=sum(ADC1)/sum(ADC3)
DC= K_dc*ADC3;
% calibrate wavelengh by identification of the characteristic 467nm line of the Xe-arc lamp
% works for spectra until 810 nm, else script has to be modified
idx_max=find(DC==max(DC)); % get index of maximal value in the DC coloum (@ 467 nm)
a=idx-idx_max;
Wavelength=467-a; % calculate Wavelength
% evaluate presign of delta transmission (bleach or induced absorption)
Abs_Phase=abs(Phase); % get absolute value of Phase
l=0;
for k=1:length(Abs_Phase); % discriminate: if phase < 90° --> -1, else --> 1
l=l+1;
if Abs_Phase(l)<90;
comp(l)=-1;
else
comp(l)=1;
end;
end;
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% calculate delta transmission and delta absorbance
AC_pp_sig=comp’.*AC_pp; % set presign for AC component
deltaT=AC_pp_sig./DC; % delta transmission
deltaE=-1*log(1+deltaT); % Abs=-log(I/I_0)=-log((I+deltaI)/I_0)--> delta I is signed!
% complile data for every spectrum and write into individual csv-file
data=[];
data(:,1)=Wavelength;
data(:,2)=Abs_Phase;
data(:,3)=deltaT;
data(:,4)=deltaE;
strname=char(files(n));
truncname=strtrunc (strname, length(strname)-4);
modname=[directory2, truncname "_mod.csv"];
fid = fopen(modname, ’w’); % generate empty file
fprintf(fid, "Wavelength,abs_Phase,deltaT,deltaE\n"); % table header
fprintf(fid, "nm,deg,,,\n"); % table header
fclose(fid);
csvwrite (modname, data,"-append") % append data matrix
% merge deltaT and deltaE each into a matrix
merged_dT(:,1)=Wavelength;
merged_dT(:,end+1)=deltaT;
merged_dE(:,1)=Wavelength;
merged_dE(:,end+1)=deltaE;
dataid(n)=[files(n)]; % set data idetifier for merged dT and dE
dataname
disp("DATA PROCESSING SUCCESFULL") % return string
end
% write merged deltaT and deltaE into individual csv-files
mergedname=[directory2, "merged_dT.csv"]; % set filename
fid2 = fopen(mergedname, ’w’); % generate empty file
fprintf(fid2, "Wavelength,\n") % table header
fclose(fid2);
csvwrite(mergedname,merged_dT,"-append"); % append data matrix
mergedname2=[directory2, "merged_dA.csv"]; % set filename
fid3 = fopen(mergedname2, ’w’); % generate empty file
fprintf(fid3, "Wavelength,\n") % table header
fclose(fid3);
csvwrite(mergedname2,merged_dE,"-append"); % append data matrix
filelist=[directory2, "filelist.txt"]; % write list of manipulated files (for later assignment)
% plot deltaE and deltaE spectra and save as png-image
clf
hold on
l=1;
for k=1:(columns(merged_dE)-1);
l=l+1;
plot(merged_dE(:,1), merged_dE(:,l),’Color’,[l/(columns(merged_dE)) 0 0], ’linewidth’, 3);
xlabel(’Wavelength [nm]’);
ylabel(’change in Absorption’);
title(’Potential modulated Absorption Spectrum - delta E’);
grid on
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end
picname=[directory, "EMAS_dE.png"];
print(picname,’-F:12’,’-dpng’)
clf
hold on
l=1;
for k=1:(columns(merged_dT)-1);
l=l+1;
plot(merged_dT(:,1), merged_dT(:,l),’Color’,[l/(columns(merged_dT)) 0 0], ’linewidth’, 3);
xlabel(’Wavelength [nm]’);
ylabel(’change in Transmission [%]’);
title(’Potential modulated Absorption Spectrum - delta T’);
grid on
end
picname2=[directory, "EMAS_dT.png"];
print(picname2,’-F:12’,’-dpng’)
C.3 Occupancy of the 1Se state
C.3.1 Variant 1: Nummerical integration
% physical constants
k=1.38e-23; % Boltzmann constant
q=1.602e-19; % elementary charge
T=293.15; % absolute temperature
% arguments
E=-1:0.001:1; % Energy (eV)
sigma=0.040; % standard deviation of the nanocrystal ensemble (eV)
Ef=E;
% evaluate integral
for l=1:length(Ef)
f = @(E) 1./(1+exp((E-Ef(l)).*q./(k*T)))*(1/sqrt(2*pi*sigma^2)*exp(-E.^2/(2*sigma.^2)));
integr(l)=quad(f, -1, 1);
end
output(:,1)=E;
output(:,end+1)=integr;
% write output to csv-file
fid = fopen("Fermi-Gauss-conv.csv", ’w’);
fprintf(fid, "Energy,Occupancy,Occupancy\n")
fprintf(fid, "eV,,\n")
fprintf(fid, "E,Fermi-Dist,Convolution\n")
fclose(fid);
csvwrite("Fermi-Gauss-conv.csv",output,"-append");
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C.3.2 Variant 2: Convolution
% physical constants
k=1.38e-23; % Boltzmann constant
q=1.602e-19; % elementary charge
T=293.15; % absolute temperature
% arguments
E=-1:0.001:1; % Eenergy (eV)
sigma=0.040; % standard deviation of the nanocrystal ensemble (eV)
W=1./(1+exp(-E.*q./(k*T))); % Fermi-Dirac-Distribution
P=1/sqrt(2*pi*sigma^2)*exp(-E.^2/(2*sigma.^2)); % normal distribution
% convolution of Fermi-Dirac and normal distribution
C=conv(W,P,"same");
C=C/max(C);
output(:,1)=E;
output(:,end+1)=W;
output(:,end+1)=C;
output(1:750,:)=[]; % truncate matrix to remove effects due to zero-padding
output(end-749:end,:)=[]; % truncate matrix to remove effects due to zero-padding
% write output to csv-file
fid = fopen("Fermi-Gauss-conv.csv", ’w’);
fprintf(fid, "Energy,Occupancy,Occupancy\n")
fprintf(fid, "eV,,\n")
fprintf(fid, "E,Fermi-Dist,Convolution\n")
fclose(fid);
csvwrite("Fermi-Gauss-conv.csv",output,"-append");
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C.4 Expected CV response
% physical constants
k=1.38e-23; % Boltzmann constant
q=1.602e-19; % elementary charge
T=293.15; % absolute temperature
% arguments
E=-1:0.001:1; % Eenergy (eV)
sigma=0.040; % standard deviation of the nanocrystal ensemble (eV)
q_np=260e-9; % amount of charge to load NPs on electrode w. 1e- (260 nC)
v=20; % scan rate (20 mV/s)
W=1./(1+exp(-E.*q./(k*T))); % Fermi-Dirac-Distribution
P=1/sqrt(2*pi*sigma^2)*exp(-E.^2/(2*sigma.^2)); % normal distribution
% convolution of Fermi-Dirac and normal distribution
C=conv(W,P,"same");
C=C/max(C);
%calculation of dq/dE
q=q_np*C;
diff_q=diff(q);
i=v*diff_q;
E=E(1:2000);
% generate output matrix
output(:,1)=E;
output(:,end+1)=i;
output(1:750,:)=[]; % truncate matrix to remove effects due to zero-padding
output(end-749:end,:)=[]; % truncate matrix to remove effects due to zero-padding
% write output to csv-file
fid = fopen("expectedCV.csv", ’w’);
fprintf(fid, "Potential,Current\n")
fprintf(fid, "V,A\n")
fclose(fid);
csvwrite("expectedCV.csv",output,"-append");
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